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 1.1 Ecological risk assessment 
Ecological risk assessment evaluates the likelihood of adverse effects of stressors related to 
anthropogenic activities on biota, including individuals, populations, and communities.1–3 
The term stressor is used to describe any toxic (chemical) or non–toxic (physical or 
biological) entity that can induce adverse effects on biota.3 The term adverse effects 
encompasses a wide range of disturbances ranging from mortality of an individual 
organism to a loss in ecosystem function.3 In environmental management, however, the 
focus is usually on the protection of populations against adverse effects.4–6 
Ecological risk assessment comprises four phases: hazard identification, exposure 
assessment, stressor–response assessment, and risk characterization (Figure 1.1).2,3,7,8 
Hazard identification (also called problem formulation) primarily aims to identify toxic and 
non–toxic stressors of an anthropogenic origin that might cause adverse effects.3,7 In 
addition, hazard identification includes identifying stressors of a natural origin (e.g., pH, 
salinity, and food availability) that potentially interfere with or obscure the effects of 
anthropogenic stressors.3,9 Exposure assessment quantifies the actual levels of exposure in 
various media, such as soil, water, air, food, and/or biota. Examples of levels of exposure 
include the (accumulated) internal concentration of a chemical in predators, the level of 
salinity in water, or the percentage of removed habitat.3,7 Stressor–response assessment 
(also called effect assessment) describes the relationship between the amount of stressor 
and the magnitude of the adverse effect (i.e., a stressor–response relationship).3,7 The 
comparison of exposure and effect levels yields an expression of the likelihood of adverse 
effects occurring as a result of exposure to a certain stressor.3,7 While ecological risk 
assessment is often applied to terrestrial, freshwater, and marine ecosystems, this thesis 
focuses on estuarine ecosystems. 
 




 1.2 Estuaries 
An estuary is a semi–enclosed body of water, where fresh water from rivers and streams 
meets the salt water of oceans and seas.10 Worldwide, there are around 1200 major 
estuaries, covering a total area of around 1.8 × 108 ha.11,12 Estuaries account for 
approximately 80% of the world’s freshwater discharge.13 The input of nutrients from rivers 
into the estuary facilitates a high productivity of primary producers that subsequently 
supports large food chains.14,15 Moreover, estuaries provide valuable services, such as 
recreation, production of food, and cycling of nutrients.11,16 In a review of the economic 
value of the world's ecosystems, estuarine services had the highest total value per hectare.11 
Attracted by estuarine services, people started to exploit estuaries early in history.17 Human 
activities in the coastal zone created multiple anthropogenic impacts on estuarine 
ecosystems, such as habitat destruction, overfishing, eutrophication, introduction of exotic 
species, and recreation.17–20 In addition to those non–toxic stressors, estuaries are often 
subject to chemical pollution.17–20 Estuaries receive significant amounts of contaminants 
from upstream sources and from densely populated areas and industries located nearby.10 
As contaminants often accumulate in estuarine sediments due to the settling of suspended 
particulates and partitioning from the water column, accumulation of contaminants 
potentially leads to toxic effects on biota in estuaries.10,21,22 
As estuaries are at the interface of fresh and salt water, estuaries have strong natural 
gradients in many physical variables, such as salinity, temperature, nutrients, pH, oxygen, 
turbidity, and sediment grain size. 10,20 Gradients exist not only laterally, from river to sea, 
but also vertically from water surface to sediment.10 Gradients may also be subject to 
seasonal and other temporal variations.10 Next to these physical gradients, organisms are 
also subject to many biological stressors, such as competition and predation.20,23 In short, 
organisms in estuarine environments are potentially exposed to a large number of toxic as 
well as non–toxic stressors of both natural and anthropogenic origin. 
1.3 Problem setting, aim, and scope 
As described above, organisms in estuaries are potentially exposed to multiple stressors. 
Quantifying the effects of multiple stressors on biota is a challenge in ecological risk 
assessment, because quantitative exposure and stressor–response data are only available for 
a few stressors and species.24–26 One way to deal with this challenge is gaining additional 
data with empirical studies. Yet, such studies are severely limited because of practical, 
financial, and ethical constraints.26 Therefore, acquiring additional exposure and stressor–
response data with models and overarching principles is highly relevant in ecological risk 
assessment.27 Further, as ecological risk assessment usually focuses on populations, 
population models are useful for extrapolating stressor–response relationships, which 
typically describe effects on individuals, to population–relevant endpoints.28–30 While toxic 
and non–toxic stressors are obviously at play in natural populations, most population 
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 models focus only on one or the other.31 Therefore, combining the impact of both stressors 
in population models is a major challenge in ecological risk assessment.5,32,33 
The central aim of this thesis was to quantify the effects of multiple toxic and non–toxic 
stressors on biota in estuaries, with a focus on population–relevant endpoints. Taxonomic 
groups included copepods (small crustaceans), birds, and mammals. Copepods play an 
important role in estuarine food chains because they are a key trophic link between primary 
producers and fish.14,34 In addition, copepods are frequently used in ecological risk 
assessment because they are globally distributed, ecologically relevant, and easy to culture 
in the laboratory.34–36 Birds and mammals are often used in ecological risk assessment as 
indicators of ecosystem health.37,38 
1.4 Outline 
The following specific aspects were addressed, each linked to one of the steps distinguished 
in ecological risk assessment (see also Table 1.1): 
– identification of hazardous non–toxic stressors for copepods; 
– accumulation behavior of nonylphenol and its ethoxylates; 
– stressor–response relationships for birds and mammals; 
– integrating the impacts of multiple stressors on population–relevant endpoints. 
These topics are addressed in Chapters 2 to 6 and are shortly introduced below. The 
findings are discussed and integrated in Chapter 7, which tackles the central aim of this 
thesis and address the main implications and recommendations relevant for ecological risk 
assessment. 
1.4.1 Identification of hazardous non–toxic stressors for copepods 
In the hazard identification phase of ecological risk assessment, it is important to identify 
stressors of a natural origin that may interfere with or obscure the effects of stressors of an 
anthropogenic origin.3,9 For copepods, many non–toxic stressors of a natural origin often 
contribute to the mix of adverse effects that populations must withstand to remain viable, 
such as salinity, pH, and competition.39,40 Although stressors of a natural origin that shape 
the distribution of copepods have been well documented for several species, such as Tisbe 
battagliai and Eurytemora affinis, this knowledge remains sparse for many other copepod 
species.40–44 Therefore, relevant stressors of a natural origin were identified by sampling 
physiochemical parameters and all copepod species present in Portobello Bay, New 
Zealand (Amphiascoides sp., Parastenhelia megarostrum, Enhydrosoma sp., Robertsonia 
propinqua, and Quinquelaophonte; Chapter 2). The field data were analyzed with linear 
mixed models in order to correlate copepod densities to physiochemical sediment 
parameters and interaction between species. 
General introduction
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 1.4.2 Accumulation behavior of nonylphenol and its ethoxylates 
Once a substance enters the environment, it can be taken up by organisms. This may lead to 
concentrations in these organisms that are higher than the concentrations in the immediate 
environment, including food. The concentration may increase from prey to predator with 
the highest levels in top predators. With knowledge on substance properties and uptake 
routes of organisms, the accumulation behavior of substances can be estimated with 
accumulation models. The earliest accumulation models often focused on fish.45,46 Later, a 
wider range of exposure media and taxa were added, including food chains.24,47 Estuarine–
marine food chain accumulation data are extensively used in the exposure assessment phase 
of ecological risk assessment.48 The accumulation behavior of substances in estuarine–
marine food chains has been estimated for many substances, including organochlorines, 
brominated flame retardants, organotins, metals, and crude oil constituents.24,49–54 
Nonylphenol (NP) and its ethoxylates (NPEOs) are toxic substances with a high food chain 
accumulation potential.55 Yet, the accumulation behavior of these substances in estuarine 
food chains remains unclear. The Optimal Modeling for Ecotoxicological Assessment 
(OMEGA) accumulation model24 was used to assess the accumulation behavior of 
nonylphenol and nonylphenol ethoxylates in estuarine–marine food chains (Chapter 3). The 
model predictions were compared with independent empirical data. 
1.4.3 Stressor–response relationships for birds and mammals 
Species sensitivity distributions (SSDs) are models of the variation in sensitivity of species 
to a specific stressor, typically a chemical.56 In the stressor–response assessment phase of 
ecological risk assessment, SSDs are commonly used as stressor–response relationships.56 
Although SSDs based on no observed effect concentrations (NOEC) are often preferred in 
ecological risk assessment, NOEC–based SSDs for birds and mammals have been derived 
only for six substances (cadmium, DDT, dieldrin, lead, lindane, and methylmercury).48,57–63 
Therefore, deriving NOEC–based SSDs for a larger number of substances is desirable. 
However, suitable NOEC data can be derived from open literature sources for only a few of 
the 100,000+ chemicals to be assessed.26 As empirical toxicity studies are severely limited 
because of practical, financial, and ethical constraints, detecting regularities in available 
toxicity data and translating them to indicative SSDs is crucial for ecological risk 
assessment of new and untested substances.27 First, NOEC–based SSDs for birds and 
mammals were calculated for 41 substances with sufficient toxicity data available (Chapter 
4). Next, tentative SSD parameters were calculated for 15 toxic Modes of Action. The 
SSDs obtained were used to calculate the toxic stress on birds and mammals in 10 
Northwestern Europe estuaries and coastal seas. 
1.4.4 Integrating the impacts of multiple stressors on population–relevant 
endpoints 
As many stressor–response relationships are obtained from empirical research on individual 
organisms, population models can be used in ecological risk assessment to allow 
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 extrapolation from effects on individuals to effects on populations.28–30 Both toxic and non–
toxic stressors are often at play in natural populations, but most population models consider 
only one or the other.31 Therefore, a significant challenge in ecological risk assessment is to 
develop models that combine the impact of toxic and non–toxic stressors on population–
relevant endpoints.5,32,33 A model framework for integrating the combined impacts of 
multiple toxic and non–toxic stressors was developed (Chapter 5 and Chapter 6). The 
model framework was first applied to assess the impact of ∑PCB, DDE, and disturbance on 
the white–tailed eagle (Haliaeetus albicilla) population in enclosed estuaries and wetlands 
in The Netherlands (Chapter 5). Next, the model framework was used to estimate copepod 
densities in the contaminated Scheldt estuary and the relatively uncontaminated Darß–
Zingst estuary in relation to temperature, salinity, food availability (chlorophyll a), and 
sediment concentrations of cadmium, copper, and zinc (Chapter 6).  
Table 1.1 Thesis contents arranged by the different phases in ecological risk assessment (ERA). 
chapter ERA phase stressors biota study area 
2 hazard identification sediment grain size, pH, 
organic content, salinity,  
and species interactions 
copepods Portobello Bay in New 
Zealand 
     




multiple coastal areas, with 
a focus on the Scheldt 
estuary in The Netherlands 
     
4 stressor–response 
assessment 
41 specific substances and  




European estuaries and 
coastal areas 
     
5 risk characterization PCB, DDT, and disturbance white–tailed 
eagles 
estuaries and wetlands in 
The Netherlands 
     
6 risk characterization temperature, salinity, food 
availability, cadmium,  
copper, and zinc 
copepods the Scheldt estuary in The 
Netherlands and the Darß–
Zingst estuary in Germany  
aMultiple species in an estuarine–marine food chain, with aquatic plants, phytobenthos, and 
phytoplankton as primary producers; molluscs, polychaetes, and small crustaceans (i.e., zooplankton) as 
herbi–detritivores; small pelagic fish and large crustaceans (i.e., shrimps, crabs, lobsters) as primary 
carnivores; gadoids, perciforms, and anadromous fish species as primary–secondary carnivores; and 
seabirds and mammals as secondary carnivores. 
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 Abstract 
Harpacticoid copepods are often one of the most dominant taxa in marine sediments, but 
there is limited knowledge of the physicochemical sediment characteristics that affect 
distribution of native New Zealand copepod species. Environmental gradients and 
abundance of harpacticoid copepods were therefore surveyed in Portobello Bay, an 
intertidal sand and mud flat in Otago Harbour, New Zealand. Generalized linear mixed 
models (GLMMs) were used to determine the relationship between physical factors and 
species abundance as well as to examine interspecies interactions. Six copepod species 
were present at the study site: Amphiascoides sp., Enhydrosoma sp., Parastenhelia 
megarostrum, Robertsonia propinqua, and two species of Quinquelaophonte. Distribution 
of species was found to be significantly correlated to sediment size, organic content, tidal 
reach, salinity, and pH. In addition to these physical factors, species–species interactions 
also affected copepod abundance. This information is relevant for understanding factors 
influencing copepod distribution, but also will shape guidelines for use in marine sediment 




 2.1 Introduction 
Harpacticoid copepods are small (< 1 mm in length), predominantly benthic–dwelling 
invertebrates and are among the most abundant of all taxa within estuarine and marine 
sediments.34,40,64 They are globally distributed and ecologically important as a food source 
for fish.34,65,66 They exhibit a short life cycle (21 – 28 days), show rapid reproductive rates, 
and a high sensitivity to environmental contaminants.67,68 By virtue of these characteristics, 
harpacticoid copepods are being increasingly used as indicator species to monitor estuarine 
health.69,70 This provides an impetus for understanding more about their general biology 
and, in particular, their ecology. A first step in this process is assessing the physical factors 
responsible for harpacticoid copepod distribution. Such knowledge will assist bioassay 
development and application by identifying optimum physicochemical sediment properties 
for cultured animals. 
Factors responsible for harpacticoid distribution have been well documented (for a review, 
see Hicks and Coull40). On a global scale, temperature is the key parameter that affects 
copepod diversity.34 However, at an estuary scale (m2 – ha), copepod distribution primarily 
depends on physical factors such as salinity, tidal exposure, sediment size, and oxygen 
concentration.71,72 On a habitat scale (cm2 – m2) biological variables increase in importance, 
although these biological factors are often themselves shaped by physical factors.40,71,73–77 
The factor which has been suggested to have the most influence on species distribution is 
sediment size; in particular the proportion of the silty (< 63 µm) sediment 
fraction.40,71,75,77,78 
Harpacticoid copepods have affinities to certain substrate types due to life history traits.79 
There are species of copepods that are epibenthic and live on the surface of sediments, 
species that live in the interstitial space between sediment particles, and those that burrow 
through sediments.40,80 Different sediment types will be preferred by some species over 
others and this is often reflected in their morphology and biotype.79 For example, epibenthic 
species are often larger with well–defined limbs and are frequently bristly, whereas 
burrowing species are usually smaller with more streamlined bodies and display shorter 
limbs and bristles.79 There are also generalist intertidal species that are a mix of the 
burrowing, interstitial, and epibenthic forms.40,79 Most copepods are found in the first 
centimeter of surface sediment, and this is especially true for finer sediments where limited 
oxygen levels may limit copepod abundance and depth.81 
Copepods are known to have a patchy habitat distribution. This is particularly evident in 
muddy sediments where patch size can be smaller than those in more sandy sediments.76 
Several studies have shown this patchy distribution to be related to benthic microalgae 
assemblages.76,82,83 However, this is only true for some copepods, due to the ability of some 
species to move between patches.76,84 There is currently little known about the ecology of 
harpacticoid copepods in New Zealand. If the New Zealand species follow the trends 
exhibited by other species worldwide, then sediment size will be a dominant factor 
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 affecting harpacticoid distribution. However, other factors, such as salinity, organic content, 
location in tidal reach, and pH also affect copepod distribution.40 
Understanding how habitat factors interact with species distribution will also assist in 
bioassay development. Copepod sediment bioassays are a potentially valuable tool for 
assessing the impacts of environmental contaminants on estuarine environments. These 
bioassays expose copepods to sediments and examine reproductive, developmental, and/or 
survival endpoints as indicators of sediment toxicity.69,85 However, an important component 
of these assays is that the sediments are within the preferred physical limitations of the 
tested copepods. If they are not then there is the possibility of false positives indicating 
toxicity when there is, in fact, none.70 Defining sediment limitations is therefore an 
essential tool in validating the use of a copepod species for toxicity assessment and also for 
determining the characteristics of sediments suitable for testing. 
The main objectives of this study were: (1) to describe the environmental gradients and the 
spatial distribution of harpacticoid copepods in a non–discharging, low energy New 
Zealand intertidal zone consisting of a relatively uncontaminated sand flat; and (2) to 
determine factors potentially responsible for the copepod distribution. In addition, the 
results from this study will help to develop sediment guidelines for copepod sediment 
bioassays, as two species found at the study location are candidate bioassay species. 
2.2 Methods 
2.2.1 Site description and sampling program 
The study area was in Portobello Bay, a gently sloping, non–discharging, low energy 
intertidal sand flat in Otago Harbour, New Zealand (45°50’S, 170°39’E), free from any 
known point sources of pollutants (Figure 2.1). The samples were collected at low tide in 
early spring 2009. The sampling strategy was to collect samples across the small bay to try 
to maximize the gradients present. A total of 23 samples were taken in three transects (eight 
samples per transect except in transect 3 where only seven were taken) with 100 m between 
each transect. Copepod and sediment samples were taken every 10 m along each transect 
from just below the high tide mark along the tidal reach to the low tide mark (70 m). 
Triplicate copepod samples were collected, with a single sediment sample taken for 
determining sediment characteristics.86 A single pH and salinity measurement was recorded 
for each sample point. 
2.2.2 Sampling procedures 
The top 2 cm of the sediment layer was sampled for use in sediment analysis and for 
assessment of copepod densities. For the copepod densities the sediment was sampled using 
a small–bore plastic tube (a modified syringe, inner diameter 2 cm). A PVC sampling tube 
(inner diameter 8.7 cm) was used for collecting sediment for determination of sediment 
properties. Samples were immediately placed on ice and then stored at 4°C until they were 
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 processed (within three weeks of collection). Copepods were extracted from the sediment 
by diluting the samples with tap water and subsequently pouring off excess water though a 
55 µm mesh screen to trap copepods. This process was repeated four times to ensure that all 
copepods were collected. This method has been found to remove all copepods from 
sediments.87 Adult harpacticoid copepods were counted by hand at a magnification of 15 
under a dissecting microscope (Leica MZ 12.5). Identification was based on species 
descriptions reported by Wells et al.88 and Hammond.89 Copepods were identified to species 
level where possible, otherwise to genus. Two species of Quinquelaophonte genus were 
present. However, as one of the species has not been fully described and the two species are 
morphologically similar, these were pooled at the genus level. The identification of 
copepods only to the genus is common practice, due to the majority of species within a 
genus being similar in terms of body form, life history, and response to environmental 
variables.79 Copepod densities were standardized from individuals per sample to individuals 
per 10 cm to enable comparison with other studies. Copepod abundance was averaged at 
each sample location for linear regression and summed for use in the models (see Text 
section 2.2.4). 
 
Figure 2.1 Portobello Bay. (A) Position of transects. (B) Sampling strategy of the three transects in 
the study. 
2.2.3 Sediment analysis 
Pore water content in sediments was calculated by weighing sediment sub–samples before 
and after drying for 72 h at 60°C.90 Subsequently, the organic matter was measured as ash–
free dry weight after 4.5 h at 450°C.91 The rest of the sediment sample was used for 
determining grain size by using analytical sieves to evaluate the proportion (% dry weight) 
of > 1000, 1000 – 500, 500 – 250, 250 – 125, 125 – 63, and < 63 µm size fractions. 
Sediments were classified into sediment type according to the Wentworth scale.92 Salinity 
and pH of pore water were directly measured during collection with a multi meter (WTW 
Multi 350i). 
Effects of environmental gradients on copepods
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 2.2.4 Statistical analysis 
Linear regression models were used to determine distribution patterns of the environmental 
gradients along the tidal reach. The regression results were expressed in trend lines with 
their corresponding slope and intercept values. Additionally, the correlation coefficient (r2) 
and standard deviation were derived. A 99.5% confidence limit (P < 0.05) was adopted for 
the results. Generalized linear mixed models (GLMMs) with a Poisson error were used to 
estimate the effects of fine, medium, and coarse sand, location in tidal reach (i.e., distance 
in meters from high tide mark), pH, salinity, mud, pore water, and abundance of other 
copepod species on the abundance of Amphiascoides sp., Quinquelaophonte, and 
Parastenhelia megarostrum copepod species. For Enhydrosoma sp. and Robertsonia 
propinqua the same variables were tested but using a negative binomial distribution, as the 
equidispersion assumption of the Poisson model was not achieved.93 All the variables were 
incorporated into the models as fixed effects, whereas transect was incorporated as a 
random effect. The models were checked for over dispersion using the dispersion scale 
factor. A maximal model containing all the variables was initiated, and this was then 
simplified by removing non–significant terms until no further reduction in residual 
deviance (measured using the Akaike Information Criterion, AIC) was observed.94 
Parameter estimates for fixed effects were tested for significance using a Z or t test 
(depending on the underlying error distribution), as these provide a more robust test than 
the alternative likelihood ratio test when sample sizes are small.94 Mixed models were 
conducted using the lme495 and glmmADMB96 packages in the R 2.12.0 environment,97 
with glmmADMB being used in instances where a negative binomial distribution was 
needed. 
2.3 Results 
A total of five taxa were found in the study area: Amphiascoides sp.; P. megarostrum; 
Enhydrosoma sp.; R. propinqua; and Quinquelaophonte. 
2.3.1 Description of sediment characteristics 
Very fine sand (63 – 125 µm) was the dominant sediment size in the study area, followed 
by fine sand (125 – 250 µm) and muddy sediment (< 63 µm) (Table 2.1). Linear regression 
models showed significant trends in environmental gradients for pH and several sediment 
gradients. The pH slowly increased along the tidal reach (i.e., increased from high tidal 
zone to low tidal zone) in all transects (Figure 2.2A and Table 2.1). Significant gradients in 
mud proportion were found in transects 1 and 2 (Figure 2.2B and Table 2.1). Very fine sand 
proportions decreased along the tidal reach from 52 to 19% in transect 2 (Figure 2.2C and 
Table 2.1), whereas it increased in transects 1 and 3, albeit not significantly. Large 
gradients were found in percent of fine sand in all the transects, with the largest gradient 
found in transect 2 where this parameter increased along the tidal reach from 8 to 50% 
(Figure 2.2D and Table 2.1). A small gradient in medium sand was found in transect 2; this 
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 parameter decreased slightly along the tidal reach from 10 to 6% (Figure 2.2E and 
Table 2.1). No significant results were found for salinity, pore water content, organic matter 
content, coarse sand (500 – 1000 µm), and very coarse sand (> 1000 µm). 
Table 2.1 Physical sediment characteristics at habitat– and estuary–scale including r2 values and P–
values of significant environmental gradients among the tidal reach. 
parameterd 
 transect 1  transect 2  transect 3 
 mean ± SD r2 level of sig.  mean ± SD r2 level of sig.  mean ± SD r2 level of sig. 
pH   8.58 ± 0.44 0.68  P = 0.011a  8.57 ± 0.20 0.55  P = 0.035a  8.40 ± 0.26 0.74  P = 0.014a 
mud   18.01 ± 6.55 0.59  P = 0.026a  18.27 ± 7.83 0.94  P < 0.001c  26.47 ± 8.33 0.31  P = 0.197 
VFS   38.21 ± 10.27 0.09  P = 0.475  35.33 ± 12.64 0.86  P = 0.001b  29.87 ± 5.73 0.54  P = 0.061 
FS   17.75 ± 8.09 0.63  P = 0.019a  27.90 ± 16.26 0.82  P = 0.002b  25.71 ± 5.73 0.96  P < 0.001c 
MS   11.07 ± 4.74 0.00  P = 0.919  9.31 ± 3.47 0.94  P < 0.001c  7.90 ± 2.88 0.25  P = 0.258 
CS   8.48 ± 7.72 0.25  P = 0.200  4.58 ± 1.04 0.06  P = 0.565  4.62 ± 2.27 0.25  P = 0.249 
OC   1.56 ± 0.31 0.18  P = 0.299  1.53 ± 0.28 0.16  P = 0.314  1.49 ± 0.39 0.55  P = 0.056 
salinity  54.25 ± 0.59 0.41  P = 0.083  54.37 ± 0.63 0.30  P = 0.159  48.98 ± 6.96 0.05  P = 0.639 
a
P < 0.05. bP < 0.01. cP < 0.001. dSediment parameters of mud, very fine sand (VFS), fine sand (FS), medium 
sand (MS), course sand (CS), and organic content (OC) expressed in percentage (dry weight) and salinity in 
dS/m. 
 
Figure 2.2 Changes in sediment properties along the three transects for (A) pH, (B) proportion mud, 
(C) proportion very fine sediment (VFS), (D) proportion fine sediment (FS), (E) proportion medium 
sediment (MS), (F) proportion coarse sediment (CS), (G) salinity, and (H) organic content. 
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 2.3.2 Copepod distribution 
The abundance of some copepod species was correlated with changes in the abundance of 
other species present in Portobello Bay (Table 2.2). Amphiascoides sp. abundances 
appeared to be positively correlated with (and therefore potentially affected by) 
Quinquelaophonte, P. megarostrum, and Enhydrosoma sp. abundances, whereas 
Enhydrosoma sp. abundance had a significant negative correlation with (and potentially an 
adverse effect on) Quinquelaophonte abundance. Enhydrosoma sp. abundance was not 
correlated with the abundances of other copepods. R. propinqua abundance was 
significantly negatively correlated with (and potentially affected by) Enhydrosoma sp. and 
Quinquelaophonte abundances. 
Salinity appeared to significantly affect Amphiascoides sp. abundances in a positive way 
(i.e., an increase in salinity led to an increase in Amphiascoides). This was the only copepod 
that was significantly affected by salinity (Figure 2.3A and Table 2.2). The proportion of 
mud was significantly correlated with abundances of three copepod species (P. 
megarostrum negatively and Amphiascoides sp. and Quinquelaophonte positively; 
Figure 2.3B and Table 2.2). Fine sand was negatively related to P. megarostrum abundance 
(Figure 2.3C and Table 2.2); while medium sands were positively related to 
Quinquelaophonte and R. propinqua abundance (Figure 2.3D and Table 2.2). As the 
proportion of coarse sand increased, Amphiascoides sp. and R. propinqua abundances 
significantly decreased (Figure 2.3E and Table 2.2). As location in tidal reach increased 
(i.e., towards the low tide mark), Amphiascoides sp. and Quinquelaophonte abundances 
significantly decreased (Figure 2.3F and Table 2.2). Habitat pH was positively related to 
Quinquelaophonte abundance (Figure 2.3G and Table 2.2). Lastly, as organic content 
increased, R. propinqua abundance increased (Figure 2.3H and Table 2.2). These results 
show that various sediment variables appeared to have affects (by correlation) on the 
abundance of different species differently, but that sediment grain size was a common 




 Table 2.2 Results of generalized linear mixed effects model for copepod species abundances: 
Amphiascoides sp., Parastenhelia megarostrum, and Quinquelaophonte with Poisson error (Z test), 
Robertsonia propinqua and Enhydrosoma sp. with negative binomial error (t test). 
response variable fixed effects estimate ± SEM Z/t–value P 
random 
effects 
A Amphiascoides sp. 
abundance 
  
intercept –7.580 ± 2.800 –2.71 0.007b
0.275
Quinquelaophonte abundance 0.053 ± 0.011 4.73 < 0.0001c
P. megarostrum abundance 0.152 ± 0.068 2.22 0.026a
Enhydrosoma abundance 0.386 ± 0.062 6.22 < 0.0001c
salinity 0.157 ± 0.027 5.72 < 0.0001c
mud 0.059 ± 0.030 1.97 0.049a
fine sand 0.037 ± 0.021 1.80 0.073
coarse sand –0.074 ± 0.032 –2.31 0.021a
tidal reach –0.033 ± 0.010 –3.33 0.001b
    
B P. megarostrum  
abundance 
  
intercept 12.690 ± 6.310 2.01 0.044a
1.316
Amphiascoides abundance 0.055 ± 0.025 2.19 0.029a
mud –0.432 ± 0.201 –2.15 0.032a
fine sand –0.181 ± 0.074 –2.45 0.014a
coarse sand –0.408 ± 0.313 –1.30 0.193
   
C Quinquelaophonte 
abundance 
intercept –21.090 ± 6.100 –3.46 0.0005b
0.466
Robertsonia abundance –0.006 ± 0.003 –1.88 0.060
Enhydrosoma abundance –0.226 ± 0.088 –2.57 0.010a
organic content 0.679 ± 0.417 1.63 0.104
pH 2.500 ± 0.611 4.09 < 0.0001c
mud 0.085 ± 0.029 2.98 0.003b
medium sand 0.122 ± 0.046 2.65 0.008b
tidal reach –0.050 ± 0.009 –5.78 < 0.0001c
    
D Enhydrosoma sp.  
abundance 
intercept 43.830 ± 32.820 1.34 0.207
0.003
Amphiascoides abundance 0.283 ± 0.184 1.54 0.149
Quinquelaophonte abundance –1.081 ± 0.741 –1.46 0.171
Parastenhelia abundance –3.325 ± 2.104 –1.58 0.140
Robertsonia abundance –0.082 ± 0.052 –1.58 0.141
salinity –1.339 ± 0.952 –1.41 0.185
organic content 12.540 ± 8.050 1.56 0.145
medium sand 1.720 ± 1.104 1.56 0.144
coarse sand –0.613 ± 0.323 –1.90 0.082
   
E R. propinqua 
abundance 
intercept 1.398 ± 0.764 1.83 0.089
0.001
Amphiascoides abundance 0.014 ± 0.007 2.02 0.063
Quinquelaophonte abundance –0.032 ± 0.015 –2.12 0.052
Enhydrosoma abundance –0.374 ± 0.14 –2.67 0.018a
organic content 1.514 ± 0.441 3.43 0.004b
medium sand 0.131 ± 0.055 2.39 0.031a
coarse sand –0.121 ± 0.039 –3.07 0.008b
a
P < 0.05. bP < 0.01. cP < 0.001. 
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Figure 2.3 Scatter plots of densities (individuals/10m2) of the three most abundant copepod species 
in relation to sediment properties of (A) salinity, (B) mud, (C) fine sediment (FS), (D) medium 
sediment (MS), (E) coarse sediment (CS), (F) tidal reach (location), (G) pH, and (H) organic content. 
2.4 Discussion 
The primary focus of this study was to describe the factors that govern copepod species 
distribution in a low energy tidal mud–sand flat. The information on how these physical 
factors affect copepod abundance and distribution can be used to inform sediment 
guidelines for a New Zealand native copepod bioassay. 
Copepod densities up to 353 individuals per 10 cm2 (total copepods) were recorded in 
Portobello Bay. Similar densities for harpacticoid copepods in undisturbed intertidal 
habitats in New Zealand were previously reported by Wells et al.88 In another New Zealand 
study, Leduc and Probert98 found higher numbers of copepods (463 – 1081 individuals per 
10 cm2) in unvegetated sand flats in Papanui inlet (Otago Peninsula) with average sediment 
size of 161 – 163 µm, 0.63 – 0.64% silt (< 63 µm sediment) and an organic content of 
0.29 – 0.34%. This a similar sediment type to that found in the current study. The 
differences in numbers between the two studies could relate to season of sampling, with 
higher numbers recorded in winter and numbers closer to those reported here occurring in 
their summer sampling. These authors found P. megarostrum to be the most abundant 
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 copepod species, compared to this study where R. propinqua was the most dominant. 
Unfortunately, Leduc and Probert98 did not describe other species present in their study, 
which limits potential species comparisons. 
We found sediment size to be the predominant physical factor affecting the abundance and 
distribution of the five taxa found in Portobello Bay. These results are similar to those of 
previous research (e.g., Hockin99). It has, however, been suggested that sediment size 
controls distribution owing to its effects on microbial growth, and it is this factor that is the 
most important in influencing copepod habitation of sediments.74,100 Unfortunately, in this 
study, dietary preferences and the distribution of preferred food resources were not 
examined. Another factor that affected copepod distribution was distance from the high tide 
mark with Quinquelaophonte and Amphiascoides sp. abundance decreasing with increasing 
distance out to sea. Distance from the high tide mark has been shown to influence the 
abundance of some species, but only in a site–specific manner.40 This suggests that other 
factors (e.g., grain size, vegetation, salinity) are the factors that may be promoting the 
observed effect and that tidal reach is a covariate. Interestingly, organic content, which has 
often been considered a driving force in copepod distribution40 was found to have no 
discernable correlation with taxa abundance in this study. The study location had relatively 
low organic content, which is common for sandy sediment types and there may have been 
an insufficient gradient in organic content to affect distribution. The positive correlation of 
abundance with pH was exclusive to Quinquelaophonte and suggests an avoidance of 
acidic sediments by this species. This may be an aversion to anoxic sediments which, due to 
anaerobic sulphate–reducing bacteria, have lower pH.101 The distribution of copepods is 
likely to be a consequence of the biotype of each species and their adaptations to local 
conditions.40,79 The variances in abundances of the different species will likely be subtle 
differences masked, in part, by the absence in strong gradients of affecting habitat variables 
(such as organic matter). 
Biotic factors can also influence copepod distribution. Aggregation of copepods is known 
to be caused by small–scale changes in topography (i.e., sediment ripple crests, grass 
shoots, feeding pit), food localization, mating behavior, and inter–specific competition.71 
Species interactions were present in this study, especially in regards to Amphiascoides sp. 
whose abundance was positively affected by those of most of the other species. P. 
megarostrum, Enhydrosoma sp., and Quinquelaophonte abundances predicted 
Amphiascoides sp. abundance and vice versa. This suggests that Amphiascoides sp. either 
has a preference to be around other species or, most likely, that there is a preference to a 
physical factor which is shared by other species and which was not elucidated by the 
model. The other main species–species interaction was a negative relation between R. 
propinqua and Quinquelaophonte to Enhydrosoma sp., indicating there is sufficient 
interaction (possibly competition) to cause abundance differences or that they prefer 
different environmental factors that were not identified in the study. Further research 
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 investigating species–species interactions is needed to characterize the mechanisms 
affecting distribution. 
When the biotic factors are combined with the abiotic information it seems that the three 
most abundant species follow a general pattern in this tidal flat. Quinquelaophonte 
dominate the upper tidal reaches with Amphiascoides sp. and R. propinqua being dispersed 
throughout the tidal reach. All three species are associated with finer sediment fractions 
(mud to medium sands, < 500 µm). Of the copepods present in Portobello Bay, two are of 
particular interest from a bioassay perspective. R. propinqua and Quinquelaophonte sp. 
have recently been identified as candidate species for estuarine sediment toxicity testing 
due to their ability to be easily cultured in the laboratory and their sensitivity to pollutants.36 
These two species have measurable correlations between abundance and the physical 
factors within estuaries. This allows sediment guidelines to be developed to determine if the 
sediment at a sample location is appropriate for use with these bioassay species. Both of 
these species were found to be positively affected by finer sediments that were smaller than 
500 µm. R. propinqua was also impacted by organic content. Quinquelaophonte showed 
strong trends for tidal location, preferring to be higher in the estuary and avoiding lower 
pHs. When all factors are considered for these two species the best–suited sediments are 
fine sandy to muddy sediments high in the tidal reach, which are generally of high salinity. 
Sediments that should be avoided are coarse sands > 500 µm with low pH and those that 
are low in the tidal reach. However, the presence of both species throughout the tidal reach 
suggests that the latter is a marginal factor. 
2.5 Conclusion 
Every tidal flat, estuary or lagoon has a diverse range of habitat characteristics at a variety 
of scales. This study examined physical sediment factors that may affect copepod 
distribution, in order to better understand the physical habitat requirements of copepods 
proposed for bioassays and found a number of correlations with several copepod species. 
The results can also be used to guide sediment sampling for assessment of sediment 
contamination with copepod bioassay test species. Further research is required to determine 
if New Zealand copepods are typically found in low densities (5 – 10% of other reported 
regions) and to ascertain their role in the estuarine food chain (i.e., what species feed on 
them and at what rate or biomass). Such information will enable the results of laboratory 
sediment toxicity bioassays with harpacticoid copepods to predict contamination effects on 
the estuarine ecosystem as a whole. 
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 Abstract 
There are several studies on bioaccumulation and biomagnification of nonylphenol (NP) 
and its ethoxylates (NPEOs), but their toxico–kinetic mechanisms remain unclear. In the 
present investigation, we explored the accumulation of NP and NPEOs in estuarine–marine 
food chains with a bioaccumulation model comprising five trophic levels. Using this model, 
we estimated uptake and elimination rate constants for NPEOs based on the organisms’ 
weight and lipid content and the chemicals’ Kow. Further, we calculated accumulation 
factors for NP and NPEOs, including biota–sediment accumulation factors (BSAF) and 
biomagnification factors (BMF), and compared these to independent field measurements 
collected in the Western Scheldt estuary in The Netherlands and field data reported in the 
literature. The estimated BSAF values for NP and total NPEOs were below 1 for all trophic 
levels. The estimated BMF values were around 1 for all trophic levels except for the highest 
level (carnivorous mammals and birds). For this trophic level, the estimated BMF value 
varied between 0.1 and 2.4, depending on the biotransformation capacity. For all trophic 
levels, except primary producers, the accumulation estimates that accounted for 
biotransformation of NPEOs into NP were closer to the field data than model estimates that 
did not include biotransformation, indicating that NP formation by biotransformation of 




 3.1 Introduction 
Nonylphenol ethoxylates (NPEOs, where s represents the number of ethoxylate units) are 
non–ionic surfactants used in household and agricultural industrial products.102,103 After 
use, long–chain NPEOs are degraded to the more toxic nonylphenol (NP) and short–chain 
NPEOs.104 Various studies suggest that NP and NPEOs mimic natural estrogens and disrupt 
the endocrine systems of many species.105,106 The toxicity of these substances and their 
synergistic toxic effects on aquatic organisms has been demonstrated in laboratory 
studies.107 Moreover, measured NP concentration in estuaries and seawaters in, for 
example, China, Singapore, Greek, The United Kingdom, and The Netherlands were above 
the hazardous concentration for 5% of species (HC5 of 0.84 µg·L–1), indicating an 
ecological risk for aquatic species.108,109 Based on a log octanol–water partition coefficient 
(log Kow) of 4.5 for NP and > 3.7 for NPEOs, the substances are expected to have a high 
sorption affinity to sediment and high food chain accumulation potential.103,110 Yet, only a 
few field studies have investigated whether NP and NPEOs accumulate in marine food 
chains.108,111 Diehl et al.108 found biomagnification of NP in sea otters and staghorn sculpins 
collected in North American Pacific Coast estuaries. Conversely, Hu et al.111 found that NP 
and NPEOs exhibited trophic dilution in a marine food web from Bohai Bay in China. 
While several laboratory studies provided insight into the uptake, elimination, and 
biotransformation processes that govern the accumulation and biomagnification of NP in 
aquatic organisms, such data are not available for NPEOs. In the present investigation, we 
explored the bioaccumulation and biomagnification of NP, NPEO1, NPEO2, NPEO3–16, and 
total NPEOs (NPEO1–16) in an estuarine–marine food chain and we assessed the role of 
biotransformation using a toxicokinetic model.24 We compared modeled uptake and 
elimination rate constants of NP and NPEOs with empirical rate constants from laboratory 
studies. Further, we compared modeled accumulation factors, including biota–sediment 
accumulation factors (BSAF) and biomagnification factors (BMF), to independent field 
data collected in the Western Scheldt estuary in The Netherlands and additional field data 
reported in the literature. 
3.2 Methods 
3.2.1 The OMEGA model 
The Optimal Modeling for Ecotoxicological Assessment (OMEGA) bioaccumulation 
model is a Microsoft Office Excel spreadsheet model developed for chemical risk 
assessment purposes. It combines mass balance and allometric theory in order to predict the 
accumulation of organic compounds and metals in aquatic or terrestrial organisms.24 The 
OMEGA model has been successfully applied to estimate the accumulation behavior of 
many chemicals, including organochlorines, polycyclic aromatic hydrocarbons, and 
metals.24,52,112 Default values for parameters are obtained as a function of chemical 
properties (e.g., Kow) and biological traits (e.g., body mass), to minimize empirical research 
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 that is severely limited by financial, practical, and ethical constraints. OMEGA calculates 
the equilibrium concentration of chemical residues in organisms as the sum of influx via 
water (absorption) and uptake from food (assimilation) divided by the total elimination rate, 
which comprises elimination via water ( j = 0), feces ( j = 1), growth dilution ( j = 2), and 
biotransformation ( j = 3). The concentration in an organism Ci,x (µg·kg–1 lipid weight) is 



















where k0,x,in represents the rate constant for absorption (µg·L–1/µg·kg–1 wet weight·d–1), 
C0w,x the dissolved concentration in water (µg·L–1), k1,x,in the rate constant for assimilation 
(µg·kg–1 wet weight/µg·kg–1·d–1), Ci–1,x the concentration in food (µg·kg–1 wet weight), and 
∑kj,x,out the sum of the rate constants for elimination (d–1). Uptake rates and elimination rate 
constants pertaining to water, feces, and growth dilution are calculated as functions of 
species’ and chemical properties, according to relationships that have been calibrated on 
hundreds of rate constants from laboratory studies.24 For biotransformation, however, 
empirical rate constants have to be used, as it is currently not possible to estimate 
biotransformation rates directly from species’ physiological characteristics and chemical 
properties.113 
3.2.2 Modeling uptake and elimination rate constants 
In principle, uptake and elimination were calculated as functions of the species’ trophic 
level, weight, and lipid content and the chemical’s Kow. The estuarine–marine food chain in 
OMEGA consists of five trophic levels.24,52 The first trophic level (i = 1) consists of 
primary producers, such as aquatic plants, phytobenthos, and phytoplankton. The second 
trophic level (i = 2) comprises herbi–detritivores and consists of molluscs, polychaetes, and 
small crustaceans (i.e., zooplankton). The third trophic level (i = 3) consists of primary 
carnivores, such as small pelagic fish and large crustaceans (i.e., shrimps, crabs, lobsters). 
The fourth trophic level (i = 3.5) consists of primary–secondary carnivores, such as 
gadoids, perciforms, and anadromous fish species. The highest trophic level (i = 4) consists 
of secondary carnivores, such as seabirds and mammals. The equations and parameter 
values used for calculating the absorption, assimilation, and elimination rates, including the 
weight and lipid content of the different tropic levels and the chemicals’ Kow values, are 
provided in the Supporting Information (SI, Text section S3.1; Table S3.1). 
3.2.3 Empirical biotransformation rates 
Biotransformation appeared to be the predominant mechanism determining the fate of 
nonylphenolic compounds in aquatic organisms.114 For example, NP can be metabolized in 
the liver and excreted through the bile of fish as NP–glucuronide or related hydroxylated 
compounds.115,116 For biotransformation of NP by primary producers, we used a 
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 biotransformation rate of 0.1 d–1 based on algae (Cyclotella caspia).117 For herbi–
detritivores, a biotransformation rate of 10.2 d–1 based on water fleas (Daphnia magna) was 
used.118 Metabolic biotransformation half–lives (t1/2,met) measured in multiple tissues of 
trout (Oncorhynchus mykiss) and salmon (Salmo salar) were converted to 
biotransformation rate constants according to ln(2)/t1/2,met, which in turn were used to 
calculate a geometric mean biotransformation rate constant of 0.3 d–1 for primary and 
primary–secondary carnivores.115,119,120 Unfortunately, no biotransformation data for strictly 
secondary carnivores were available. Therefore, we estimated biotransformation rates for 
secondary carnivores from the difference between experimentally derived elimination rate 
constants and the values predicted for physical–chemical elimination.113 We calculated a 
biotransformation rate of 0.4 d–1 for secondary carnivores based on a whole body biological 
half–life of 1.5 d–1 measured in rats (Rattus sp.) administrated with NP and an elimination 
rate of 0.02 d–1 for secondary carnivores as calculated with OMEGA.121 For NPEOs, only 
biotransformation data for bacteria were available.122,123 Therefore, we used the 
biotransformation rate constants for NP also for NPEOs, assuming that the 
biotransformation rates for NPEOs were similar to those for NP. 
3.2.4 Modeling accumulation factors 
BMF values were calculated by dividing the concentration in the organism Ci,x (lipid 
weight) by the concentration in its food Ci–1,x (lipid weight). Concentrations were expressed 
on a lipid basis to avoid reflecting differences in storage capacity. For BSAF values, the 
concentration in the organism Ci,x (lipid weight) was divided by the concentration in 
sediment C0,x (organic carbon). As some laboratory studies reported only bioconcentration 
factors (BCF) instead of uptake and elimination rate constants, we also calculated BCF 
values by dividing absorption by elimination (see Text section 3.2.2) and compared these 
with empirical BCF values. The model was run with and without biotransformation rates to 
assess the effect of biotransformation on the accumulation of NP and NPEOs, yielding 
BSAF, BMF, BCF, and elimination estimates with and without biotransformation. The 
residues of substances in species were calculated from dissolved water concentrations 
(Equation 3.1). In order to calculate BSAF values with OMEGA, the dissolved 
concentration in water was derived from the chemical’s concentration in sediment based on 
the solids–water partition coefficient Kd. At high aqueous concentrations, the molecules of 
non–ionic surfactants aggregate into micelles.124 The critical micelle concentrations of 5 – 
13 mg·L–1 for NP and 42 mg·L–1 for NPEOs were more than three orders of magnitude 
higher than the aqueous NP and NPEOs concentrations measured at the locations included 
in the present study (see Text section 3.2.5), indicating that micelle formation is not likely 
to occur.103,125 Therefore, the sorption of the NP and NPEOs to soil was calculated in the 
same way as sorption of neutral organic chemicals by relating the Kd to the organic carbon–





 with Kd representing the solids–water partition coefficient (L·kg1 dry weight), foc 
representing the fraction of the sediment as organic carbon (kg organic carbon/kg dry 
weight), and Koc representing the organic carbon normalized partition coefficient (L·kg–1 
organic carbon). We used Koc values from field measurements for the estimation of 
dissolved NP and NPEOs concentrations in water. Field–based log Koc values ranged 
between 3.6 and 6.3 for NP, 5.5 and 5.6 for NPEO1, and 5.2 and 6.4 for NPEO2, 
corresponding with a geometric mean log Koc value of 5.2 for NP, 5.5 for NPEO1, and 5.7 
for NPEO2 (SI, Table S3.1). Following Van Vlaardingen et al.,127 we calculated a log Koc of 
3.8 for NPEO3–16. 
3.2.5 Field and laboratory data acquisition and treatment 
Independent field data pertaining to concentrations of NP and NPEOs measured in 
sediments (n = 2), algae (n = 1), common cockles (Cerastoderma edule; n = 1), lugworms 
(Arenicola marina; n = 2), mysid shrimps (Mysis sp.; n = 2), brown shrimps (Crangon 
crangon; n = 2), sprats (Sprattus sprattus; n = 2), soles (Solea solea; n = 2), European eels 
(Anguilla anguilla; n = 4), and common terns (Sterna hirundo; n = 1) were obtained from a 
monitoring program carried out in the Western Scheldt estuary nearby Terneuzen in The 
Netherlands in 2005. Sampling and analysis of NPEOs were carried out according to 
methods reported elsewhere.128,129 Measured concentrations that were below the detection 
limit were set to half the detection limit and we assessed the influence of different methods 
for handling non–detects on the field–based accumulation values by setting the non–detects 
at the same value as the corresponding detection limit and at zero. Additional NP and 
NPEOs data were obtained from other field and laboratory studies reported in the literature. 
To facilitate comparison, we assigned all species from the field and laboratory dataset to the 
trophic levels used for the OMEGA calculations. Trophic levels were allocated based on 
feeding preferences reported in the literature and databases.130,131 A BSAF value was 
calculated from each sediment–organism pair, which consisted of the measured 
concentrations in one sediment and one organism sample taken at the same location and 
during the same sampling event. Similarly, a BMF value was calculated from reported 
predator–prey pairs as specified in the particular study, which consisted of organism 
samples taken at the same location and during the same sampling event. Concentrations 
from replicate samples were geometrically averaged before calculating the accumulation 
factors. Concentrations in sediments and organisms were converted to an organic carbon 
dry weight basis and lipid weight basis, respectively. If reported, we took the organic 
carbon and lipid fractions from the original study. If the organic carbon fraction or lipid 
fraction was not given, we obtained area– or species–specific values from other studies. We 
collected 44 sediment–organism pairs and 24 predator–prey pairs from seven field studies 
for NP and 27 sediment–organism pairs and 13 predator–prey pairs from five field studies 
for NPEOs, respectively. The reported predator–prey pairs consist of a predator that was 
one trophic level above its prey, except for four secondary carnivores that were two or three 
trophic levels above their prey. The BMFs of these predator–prey pairs were excluded from 
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 the dataset and interpreted separately. As the accumulation factors are based on equilibrium 
partitioning between the sediment organic carbon content and/or the species’ lipid 
content(s), the BSAF and BMF values are theoretically independent of sediment type or 
species.132 Therefore, we calculated for each trophic level an overall geometric mean BSAF 
and BMF value based on the BSAF and BMF values from all individual data pairs that 
belong to the same trophic level. Empirical uptake and elimination rate constants and BCF 
values of 14 species from 15 laboratory studies were compared to model predictions. This 
was done for NP only, because we did not find empirical uptake and elimination rate 
constants and empirical BCF values for NPEOs in the literature. The collected field and 
laboratory data with allocated trophic levels and predator–prey relations are provided in the 
SI (Table S3.2 to Table S3.5). 
3.2.6 Model performance evaluation 
The performance of OMEGA was evaluated by comparing model estimates with field–
based accumulation values and laboratory–derived rate constants. The coefficient of 
efficiency E (dimensionless) was calculated to assess the model performance.133 E was 






















where Oi represents the log–transformed observed value for each sediment–organism pair, 
predator–prey pair or individual rate constant, Pi the log–transformed estimated value for 
each data pair or rate constant, O̅ the log–transformed mean of the observed values, and n 
the number of observed values. E ranges from minus infinity to 1, with a value of 1 
indicating perfect model estimation. A positive E indicates that the model estimates are 
more accurate than the mean of the observed values. 
3.3 Results 
3.3.1 Estimated accumulation factors compared to field data 
The estimated BSAF values for NP and total NPEOs were below 1 for all trophic levels 
(Figure 3.1). The estimated BMF values for NP and total NPEOs were around 1 for all 
trophic levels, except for secondary carnivores. For this trophic level, the BMF values 
estimated with and without biotransformation were 0.1 and 2.4, respectively. The estimated 
accumulation patterns for NPEO1, NPEO2, and NPEO3–16 were similar to those of total 
NPEOs (SI, Figure S3.1). 
For NP and total NPEOs, the difference between accumulation estimates and average field–
based accumulation factors were less than a factor of 5 for most trophic levels. Exceptions 
were found for NP, where estimates with biotransformation underestimated average field–
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 based accumulation factors for primary–secondary and secondary carnivores up to a factor 
of 6 and 150, respectively. Conversely, the estimates of total NPEOs without 
biotransformation overestimated average field–based accumulation factors for secondary 
carnivores up to a factor of 50. In addition, the averaged field–based BSAF and BMF 
values of NP for primary producers were more than 1 order of magnitude underestimated 
and overestimated, respectively. For total NPEOs, the averaged field–based BMF value for 
primary producers was more than 1 order of magnitude overestimated. The coefficients of 
efficiency calculated for NP and total NPEOs ranged from 0.1 to –1.4, indicating that the 




Figure 3.1 Biota–sediment accumulation factors (BSAF; lipid weight·carbon weight–1) and 
biomagnification factors (BMF; lipid weight·lipid weight–1) modeled with and without 
biotransformation rate k3,x,out (d
–1) of (A) NP and (B) total NPEOs (NPEO1–16) compared to geometric 
mean field–based values (closed circles). Parameter E represents the coefficient of efficiency. Spear–
style box plots show the distribution of the values obtained from field studies. The number on top of 
each box plot is the number of data pairs for that trophic level. When the number of data pairs was 
small (n < 5), the box plots were replaced by the individual values (open circles). 
3.3.2 Uptake and elimination rate constants 
For NP, the estimated absorption and elimination rate constants without biotransformation 
decreased with each trophic level by a factor of 10 to 15, except for secondary carnivores 
(Figure 3.2A and Figure 3.2B). The absorption rate for this trophic level was a factor of 500 
lower compared to primary–secondary carnivores. The BCF estimates without 
biotransformation increased with each trophic level by a factor of 1.5 (Figure 3.2C), with 
the exception of secondary carnivores. The estimates with biotransformation were 
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 comparable to those without biotransformation, except for secondary carnivores. For this 
trophic level, the elimination and BCF estimates with biotransformation were a factor 30 
higher and lower, respectively, than estimates without biotransformation. The estimated 
uptake and elimination rates for NPEO1, NPEO2, and NPEO3–16 were comparable to those 
for NP (SI, Table S3.6). The estimated absorption rate constants and BCF values for 
primary carnivores and primary–secondary carnivores were within a factor of 3 from the 
mean empirical values. Both empirical absorption and elimination rate constants for herbi–
detritivores were overestimated by one order of magnitude or more. However, the 
difference between estimated and average empirical BCF values was less than a factor of 2 
for this trophic level (Figure 3.2C). The coefficients of efficiency for BCF with and without 
biotransformation were 0.0 and –0.2, respectively. 
 
Figure 3.2 Modeled (A) absorption (µg·kg–1 wet weight/µg·L–1·d–1) without biotransformation rate 
k3,x,out (d
–1), (B) elimination (sum of excretion, egestion, and growth dilution; d–1), and (C) 
bioconcentration factors (BCF; µg·kg–1 wet weight/µg·L–1) with and without biotransformation rate 
k3,x,out (d
–1) compared to geometric mean empirical values from laboratory studies (closed circles). 
Parameter E represents the coefficient of efficiency. Spear–style box plots show the distribution of 
the values obtained from field studies. The number on top of each box plot is the number of data 
pairs for that trophic level. When the number of data pairs was small (n < 5), the box plots were 
replaced by the individual values (open circles). 
3.4 Discussion 
3.4.1 Model assumptions and uncertainties 
In the OMEGA model, residues of substances in species were calculated from dissolved 
water concentrations. The dissolved chemical concentration in water was predicted from 
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 the chemical concentration in sediment based on the Kd and Koc. Karickhoff et al.126 
observed a good relationship between Kd and Koc values, but noted deviations for sediments 
having an organic carbon content lower than 0.1%. The organic carbon content of the 
sediment samples used in the present study ranged from 0.2 to 10%, indicating that the 
model approach to sorption (Equation 3.2) should be representative. We used Koc values 
from field measurements for the estimation of dissolved NP and NPEOs concentrations in 
water, because Koc values from laboratory studies were not available and Koc values of 
NPEOs estimated with quantitative structure–activity relationships (QSAR) and Kow values 
were found to be one to two orders of magnitude lower than the field–based Koc values (SI, 
Table S3.1).126,134 Koc predictions from QSARs and Kow are designed for and based on 
properties of uniformly hydrophobic organic compounds and might be less successful for 
estimating Koc values for amphiphilic surfactants such as NPEOs.127 This might explain the 
differences between the field–based and QSAR– and Kow–based Koc values for NPEOs. For 
NP, the QSAR–based log Koc value of 4.5 obtained from EPI Suite and the Kow–based log 
Koc value of 4.3 were one order of magnitude lower than the mean field–based log Koc value 
(Text section 3.2.4). The QSAR– and Kow–based log Koc values for NPEO1 and NPEO2 
were 3.1 and 3.9 and 3.4 and 4.0, respectively. For NPEO3–16, QSAR–based values were 
not available and the Kow–based log Koc value of 3.5 was comparable with the field Koc 
value. A sensitivity analysis with OMEGA revealed that the BSAF values for NP modeled 
with Kow–based Koc values overestimated most field–based BSAF values with a factor of 2 
to 5 (SI, Figure S3.2). The model performance increased for the estimates with 
biotransformation (E increased with 1) and decreased without biotransformation (E 
decreased with 0.2). For total NPEOs, this analysis showed that the BSAF estimates for 
most trophic levels were at least one order of magnitude higher than the field–based BSAF 
values (E decreased with 1.6 to 2.3). These findings indicate that the BSAF estimates are 
sensitive to Koc values and that Koc values must be selected with care for amphiphilic 
surfactants. However, the BMF and BCF values and the rate constants were insensitive to 
changes in Koc values. 
As biotransformation appeared to be the predominant mechanism determining the fate of 
nonylphenolic compounds in aquatic organisms,114 we included biotransformation rate 
constants in OMEGA. The biotransformation rate constants of NP for the different trophic 
levels are considered to be indicative because the values were based on a limited number of 
species. The biotransformation rate constants of NPEOs were assumed to be similar to 
those of NP. However, a laboratory study with bacteria showed that the biotransformation 
rates of longer–chain NPEOs (s ≥ 5) were higher than those of short–chain NPEOs 
(s ≤ 4).122 In addition, Jonkers et al.135 found that the biodegradation rates of NPEOs (0.06 – 
0.07 d–1) were higher than of NP (0.03 d–1) in surface waters. A sensitivity analysis with 
twice the biotransformation rates of NPEOs revealed only minor changes in accumulation 
factors, with model performance slightly improving for BSAF (E increased with 0.1), but 
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 not for BMF (E decreased with 0.4). These findings indicate that the model is insensitive to 
small changes in NPEOs biotransformation rate constants (SI, Figure S3.3). 
The biotransformation rate constant for secondary carnivores was lower than or comparable 
to those for the other trophic levels. Yet, the impact of biotransformation on the 
accumulation in secondary carnivores appeared to be much larger compared to the other 
trophic levels (Figure 3.2). This could be explained by the fact that both the absorption and 
elimination rate constants decreased with increasing trophic level,24 so the relative 
contribution of biotransformation to the total elimination increased with trophic level. This 
is particularly the case for secondary carnivores, because the uptake and elimination rate 
constants via water were two orders of magnitude lower than those for the other trophic 
levels. 
As the modeled BMF values pertained to predators that are one trophic level above their 
respective prey, the field–based BMF values for predator–prey pairs consisting of a 
predator that was two or three trophic levels above its prey were excluded from the dataset. 
However, the BMF values for these predator–prey pairs were in the same range as the BMF 
values for predators that were one trophic level above their prey. Exceptions were found for 
NP where Diehl et al.108 reported a field–based BMF value of 10.9 for otters (Enhydra 
lutrisnereis) feeding on mussels (Mytilus californianus). For total NPEOs, Hu et al.111 
reported a field–based BMF value of 2.2 for herring gulls (Larus argentatus) feeding on 
mullets (Liza so–iuy). Including the BMF values for secondary carnivores that were two to 
three trophic levels above their prey increased the overall field–based BMF value for 
secondary carnivores with 0.2 for NP and 0.1 for total NPEOs, suggesting that the 
exclusion of these predator–prey pairs played no major role in our study. 
Measured concentrations of 13 samples in the Western Scheldt estuary were below the 
detection limit. The concentrations of these samples were set to half the detection limit. 
Statistical estimates of the concentration below the detection limit are generally preferred, 
provided that the proportion of detects per analyte is higher than 50%.136 We were unable to 
use statistical methods because the detection limits in the present study varied with analyte 
and sample intake, yielding an insufficient proportion of detects per analyte. This analysis 
revealed no changes in the accumulation factors for NP and NPEOs (SI, Figure S3.4 and 
Figure S3.5). For the individual oligomers, however, some field–based accumulation 
factors varied with the method for handling non–detects, in particular the BSAF and BMF 
for NPEO1 and NPEO2. These accumulation factors should be interpreted with caution 
because they are entirely based on data pairs with one or two non–detects. 
The OMEGA model assumes that chemical concentrations are uniformly distributed within 
an organism’s body. Yet, NP and NPEOs might accumulate to varying concentrations in 
different tissues of organisms. For example, the NP concentrations in bile and feces of trout 
(O. mykiss) were a factor of 2 to 15 higher than in liver after 144 hours of dosing.119 
Unfortunately, we did not find data needed to convert NP and NPEOs concentrations 
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 measured in specific tissues to whole–body concentrations, such as partition coefficients 
between tissues or tissue weights. The comparability of measurements and model estimates 
of NP and NPEOs body burdens might be improved by using more complex multi–
compartment models which includes the movement of chemicals among different organs or 
tissues. However, although multi–compartment models may outperform one–compartment 
models, they require more physiological data.112 
3.4.2 Model estimates compared to field– and lab–based data 
The field–based accumulation factors differed within a trophic level (Figure 3.1), in 
particular for NP. The variation of accumulation values within the same trophic level might 
be attributed to different feeding selectivity and feeding locations of species.137 For 
example, the BSAF value of NP based on demersal seabreams (Acanthopagrus schlegel) 
was higher compared to benthopelagic fish species.130,138 In the Morro Bay, the highest 
accumulation values of NP were determined for otters (E. lutrisnereis), which feed on 
species that are likely residents of the estuary.108 The accumulation factors for other marine 
mammals collected in Morro Bay were lower than those for otters, possibly due to a weaker 
link to the estuarine trophic chain. Judged from these two examples and the negative 
coefficients of efficiency E (Figure 3.1), it might be worth to include different food chains 
in OMEGA, such as a benthic, an intermediate hyper–benthic, and a pelagic food chain,52 
provided that sufficient field–based accumulation values are available for comparing model 
estimates with field data. Another explanation for the variation in field–based accumulation 
factors might be found in temporal variation in biotransformation rates. Kvestak and 
Ahel122 found that the biotransformation of NPEO1–16 by bacteria was a factor of 2.5 higher 
at 23°C than at 13°C. Therefore, temperature might play a large role in the bioaccumulation 
of NPEOs. Temperature–dependent biotransformation rate constants could not be included 
in the model, because of insufficient data to establish quantitative relationships between 
biotransformation rate constants and temperature. 
NP appeared to be biotransformed in many aquatic organisms,114,116 but the accumulation 
factors for NP with biotransformation were less accurate than the estimates without 
biotransformation (Figure 3.1). This was particularly the case for (primary–) secondary 
carnivores for which the field accumulation factors were underestimated by a factor 6 – 
150. We tested whether the formation of NP by biotransformation of NPEOs might cause 
the elevated NP concentration in (primary–) secondary carnivores by modeling the 
accumulation of NP including biotransformation of NPEOs into NP. This was done 
assuming that organisms produce NP by biotransformation of NPEOs, that the 
biotransformation rates for NPEOs are similar to those for NP, and that NP produced by 
biotransformation of NPEOs is eliminated from the organisms according to the elimination 
rate constants for NP. This test resulted in NP estimates within a factor of 1 to 5 from the 
field data. The coefficients of efficiency were E = –0.2 for BSAF and –1.0 for BMF (SI, 
Text section S3.2; Figure S3.6), thus suggesting an improvement of the model fit compared 
to the NP model with biotransformation of NPEOs into NP (E = –1.4 for BSAF and –1.1 
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 for BMF). This indicates that NP formation by biotransformation of NPEOs might occur in 
organisms. Yet, these results should be interpreted with caution as biotransformation of 
NPEO2 in salmon (O. mykiss) did not produce NP, but NPEO2–glucuronide.139 Whether 
other fish species or birds and mammals can metabolize ethoxylated NPs into NPs and the 
fate of NPEOs metabolites in organisms are to be determined. 
For primary producers, the field–based BSAF value of NP was underestimated by one order 
of magnitude and the BMF values for NP and NPEOs were overestimated by one order of 
magnitude (Figure 3.1). These misfits can partly be attributed to the low lipid fraction of the 
plankton/detritus samples of 0.06%108 compared to the lipid fraction of 1% as used in 
OMEGA. Another explanation might be that the uptake of substances in proteins might 
become an important accumulation mechanism in organisms with a low lipid fraction 
(< 1%),140 such as some algae species. Therefore, the estimations of algal accumulation 
might be improved by including protein–water distribution coefficients in OMEGA. 
3.5 Conclusions 
In the present study, we estimated uptake and elimination rate constants and accumulation 
factors of NP, NPEO1, NPEO2, NPEO3–16, and total NPEOs for five trophic levels in 
estuarine–marine food chains with the OMEGA model. Such toxicokinetic parameters are 
extensively used in environmental risk assessment. For example, BSAF and BMF values or 
uptake and elimination rate constants are frequently used for predicting chemical residues 
of hydrophobic chemicals in organisms, assessing toxicity risks associated with 
contaminated sediments, and developing water or sediment quality criteria for the 
protection of wildlife and human health. The inherent gaps in accumulation data for new or 
relative unknown substances, such as NP and NPEOs, can potentially be filled by 
toxicokinetic models like OMEGA. The estimated BSAF values for NP and total NPEOs 
were below 1 for all trophic levels. The estimated BMF values were around 1 for all trophic 
levels, except for secondary carnivores. For this trophic level, the estimated BMF value 
varied between 0.1 and 2.4, depending on the biotransformation capacity assumed 
(Figure 3.1). For all trophic levels, except primary producers, the accumulation estimates 
that accounted for biotransformation of NPEOs into NP were closer to the field data than 
model estimates that did not include biotransformation, indicating that NP formation by 
biotransformation of NPEOs might occur in organisms (SI, Figure S3.6). The model 
estimates for NP and NPEOs might be improved by modeling different food chains in 
OMEGA, such as a benthic, intermediate hyper–benthic, and pelagic food chain, provided 
that sufficient field–based accumulation values are available for comparing model estimates 
with field data. 
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 Abstract 
Species sensitivity distributions (SSDs) are commonly used in regulatory procedures and 
ecological risk assessments. Yet, most toxicity threshold and risk assessment studies are 
based on invertebrates and fish. In the present study, no observed effect concentrations 
(NOECs) specific to birds and mammals were used to derive SSDs and corresponding 
hazardous concentrations for 5% of the species (HC5 values). This was done for 41 
individual substances as well as for subsets of substances aggregated based on their toxic 
Mode of Action (MoA). In addition, potential differences in SSD parameters (mean and 
standard deviation) were investigated in relation to MoA and endpoint (growth, 
reproduction, and survival). The means of neurotoxic and respirotoxic compounds were 
significantly lower than those of narcotics, whereas no differences were found between 
endpoints. The standard deviations of the SSDs were similar across MoAs and endpoints. 
Finally, the SSDs obtained were used in a case study by calculating Ecological Risks (ER) 
and multi–substance Potentially Affected Fractions of species (msPAF) based on 19 
chemicals in 10 Northwestern European estuaries and coastal areas. The assessment 
showed that the risks were all below 2.6 × 10–2. However, the calculated risks 
underestimate the actual risks of chemicals in these areas because the potential impacts of 
substances that were not measured in the field or for which no SSD was available were not 
included in the risk assessment. The SSDs obtained can be used in regulatory procedures 
and for assessing the impacts of contaminants on birds and mammals from fish 




 4.1 Introduction 
In risk assessment of chemicals, species sensitivity distributions (SSDs) are commonly used 
for deriving threshold concentrations and assessing ecological risks.48,56,141,142 An SSD is 
typically characterized by a mean and a standard deviation of log10–transformed toxicity 
data pertaining to growth, reproduction, survival, or a combination thereof.48 After 
estimation of the SSD parameters, a point estimate known as the HC5 (hazardous 
concentration for 5% of the species) is calculated.58 The HC5 is the concentration at which 
less than 5% of the species within an ecosystem is expected to be affected and is often used 
for deriving environmental quality standards. The SSD parameters are also used for 
quantification of toxic risks in contaminated ecosystems by calculating the Ecological Risk 
(ER) or the fraction of species potentially affected by a certain concentration (PAF).57,60 
The ER and PAF are compatible with risk assessments proposed for multiple toxic and 
non–toxic stress factors.60,143,144 For aquatic species (invertebrates and fish), SSDs have 
been derived for many substances, based on chronic no observed effect concentration 
(NOEC) data (e.g., Newman et al.145). For birds and mammals, however, SSDs are 
predominantly based on acute median lethal dose (LD50) data.146,147 Acute LD50–based 
SSDs might be used for a coarse estimation of the risk a chemical poses to organisms.48 
However, in most cases, it is unlikely that concentration of a chemical in the environment 
will be high enough to cause acute lethal effects, so NOECs are usually preferred for 
calculating HC5s, PAFs, and ERs.48,57–60 
So far, NOEC–based SSDs for birds and mammals have been derived only for cadmium, 
DDT, dieldrin, lead, lindane, and methylmercury.61–63 Therefore, deriving NOEC–based 
SSDs for a larger number of substances is desirable. SSDs can be derived from open 
literature sources for a few of the 100,000+ chemicals to be assessed.26 As empirical toxicity 
studies are severely limited because of practical, financial, and ethical constraints, detecting 
regularities in available toxicity data and translating these to indicative SSDs is crucial for 
ecological risk assessment of new and untested substances.27 Hence, the aims of the present 
study were to: (1) derive SSDs and corresponding HC5s for birds and mammals for a large 
number of substances from dietary toxicity studies; (2) identify similarities and differences 
in the means and standard deviations of the SSDs between different MoAs (Modes of 
Action) and endpoints (growth, reproduction, survival); and (3) provide an example of how 
the SSDs obtained can be used in risk assessments for birds and mammals by calculating 
ERs and PAFs for 10 Northwestern European estuaries and coastal areas. Estuarine and 
coastal environments were selected because they are often contaminated with persistent, 
bioaccumulative, and toxic substances, including polychlorinated biphenyls (PCBs), 
polycyclic aromatic hydrocarbons (PAHs), and metals, which may pose an ecological risk 
to birds and mammals.17,21,148 
For identifying similarities and differences in the means and standard deviations of the 
SSDs (aim 2), we hypothesized that: (A) means are higher for narcotics than for substances 
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 with a specific MoA, similar to previous findings for SSDs based on LD50s;26 (B) means 
for survival are higher than for growth and reproduction, because sub–lethal endpoints are 
generally more sensitive than lethal endpoints;149,150 (C) standard deviations (i.e., 
interspecies variability in sensitivity) are similar for narcotics and substances with specific 
MoA, similar to previous findings for SSDs based on LD50s;26 (D) standard deviations are 
smaller for survival than for growth and reproduction, because survival covers only 
mortality, while growth and reproduction include more effects variables, such as weight, 
length, egg production, and number of embryo implantations.151 
4.2 Materials and methods 
4.2.1 Toxicity data collection and identification of MoA 
Toxicity data on birds and mammals were collected from the ECOTOX database and 
priority substances.152,153 We selected only studies on dietary exposure with effects on 
growth, reproduction, and survival.48 As chronic effects on bird and mammal populations 
rarely become manifest in short–term studies (< 30 days), we selected only NOECs from 
long–term studies.61–63 NOECs expressed as a dose (e.g., mg per kg of body weight per 
day) were converted to a concentration in food (mg·kg–1 food), based on the body weight 
and daily food intake of the test species as given in the original study.48 If these data were 
not provided, the NOECs expressed as a dose were discarded. Toxicity values for metals 
were corrected based on the relative contribution of the metal (e.g., Cd) to the molecular 
weight of the compound for which a study was carried out (e.g., CdCl2).48,61 All collected 
NOECs were log10–transformed. In case of multiple NOECs for a single substance and a 
single species on the same endpoint, the geometric mean was determined prior to the log 
transformation. Next, we assigned each substance to a MoA using the “Assessment Tools 
for Evaluation of Risk” (ASTER) and pesticide manuals, following the classification used 
in Hendriks et al.26,140 Substances with a narcotic MoA were classified as narcotics. 
Substances with a neurotoxic MoA and substances known for uncoupling or blocking of the 
oxidative phosphorylation (compounds with a respirotoxic MoA), a process fundamental to 
all living organisms, were classified as MoA specific (but not confined) to birds and 
mammals. Substances known for binding to SH, NH2, COOH of proteins, and nucleic acids 
(compounds with a reactive MoA) and compounds with a specific MoA in the plant and 
fungi kingdom (phytotoxic and fungitoxic compounds) were assigned to a separate group, 
because the MoA of these substances in birds and mammals is mostly unknown. In the 
analysis, we focused on 15 MoAs for which most data were available. The collected 
toxicity data are provided in the Supporting Information (SI, Table S4.1). 
4.2.2 SSD calculations 
Substance–specific SSDs and HC5 values. A substance–specific SSD and corresponding 
HC5 were estimated for substances with NOECs from at least four different species (ns ≥ 4) 
for at least one of the endpoints' growth, reproduction, or survival (Figure 4.1).146 In 
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 addition, substance–specific SSDs and HC5 values were estimated based on a combination 
of the three endpoints, provided that the number of species tested was sufficient (ns ≥ 4). If 
for a single species a NOEC was available on more than one endpoint, we selected the 
NOEC from the most sensitive endpoint of that particular species for the combined SSD 
and HC5, following the guidelines of the European Chemicals Bureau.48,61 The minimum 
number of NOECs from four different species (ns ≥ 4) is lower than recommended in the 
guidelines of the European Chemicals Bureau (ns ≥ 10) and U.S. Environmental Protection 
Agency (ns ≥ 8) for deriving environmental quality standards that protect the whole 
community (i.e., bacteria to mammals). However, as we include only two taxonomic groups 
(birds and mammals), we considered a minimum of four species to be sufficient, given that 
the variation in sensitivity to toxic stressors within a limited number of taxonomic groups is 
generally lower than over a whole community.146,154 Moreover, a threshold of at least three 
to four species is commonly used to derive SSDs for species from a limited number of 
taxonomic groups.61–63,154,155 Using a more stringent criterion than the minimum number of 
four species would lead to a considerably lower number of substances included in this 
study. For example, using a criterion of at least 10 species would retain only 5 out of the 41 
substances. 
A normal distribution curve was fitted to the collected log10–transformed NOECs. The fit of 
the model was evaluated using the Anderson–Darling (A–D) test.57 For substances that 
passed the A–D criterion of p > 0.05, a HC5 was estimated according to 
( ) σµ ˆˆHC5log ⋅−= sk
 (4.1) 
with μ̂ and σ̂ as the sample mean ( x̅ ) and sample standard deviation (s) of the set of log10–
transformed NOECs, respectively, and parameter ks representing a factor to account for the 
number of species tested, ranging from ks = 1.83 (ns = 4) to ks = 1.64 (ns > 500).156 The ks 
values as a function of ns are provided in the SI (Table S4.2). Compounds that did not pass 
the A–D test were omitted. 
MoA–specific SSDs. Next to our aim to derive SSDs and corresponding HC5s for specific 
substances, we also aimed to identify similarities and differences in SSD parameters 
between different MoAs and endpoints. To that end, we followed Hendriks et al.26 and 
selected substances with NOECs from at least two different species (ns ≥ 2) (Figure 4.1). 
Substances with ns ≥ 2 on either growth, reproduction, or survival were aggregated per 
endpoint and MoA. Following Hendriks et al.,26 the average mean and the average standard 
deviation per MoA for each endpoint were calculated, each with their standard deviation 
and 95% confidence interval. Substances to which no MoA was assigned were omitted. As 
response may be related to the fraction of molecules occupying receptors, we converted the 
NOECs from weight basis to molar weight.26 Molecular weights were obtained from the 
EPISUITE database.134 The differences in means and standard deviations between MoAs 
(hypotheses A and C) and endpoints (hypotheses B and D) were tested for significance 
(p < 0.05) by analysis of variance (ANOVA) using SPSS 17. The differences between 
SSDs for birds and mammals
47
 narcotics and specific MoAs were tested with the means and standard deviations grouped 
by growth, reproduction, survival, and a combination thereof. The differences between 
endpoints were tested with the means and standard deviations grouped as narcotics, specific 
MoAs, and the 15 major MoAs combined. Prior to the ANOVA, Levene’s tests were 
conducted to evaluate equality of variances among groups. The Levene's test indicated that 
the assumption of homogeneity of variance was not violated. 
 
Figure 4.1 Flowchart visualizing the steps for calculating substance–specific SSDs and HC5s, MoA–
specific SSDs, ecological risks (ERs), and multi–substance Potentially Affected Fractions (msPAFs). ns 
represents the number of different species tested. 
4.2.3 Field data acquisition and treatment 
Monitoring data of contaminant concentrations in biota measured in Northwestern 
European countries were retrieved from the Transitional, Coastal, and Marine (TCM) 
database.157 We selected the demersal flounder Platichthys flesus as an example prey 
species because this species is a well–known food source for birds and mammals and one of 
the most sampled species in Northwestern European marine waters.157,158 Samples marked 
as unreliable in the TCM database were omitted. Concentrations in P. flesus have been 
measured in various organs, particularly in liver and muscle. Concentrations on lipid basis 
were converted to wet weight (ww) basis based on the organ–specific lipid content. If 
reported, we took the lipid fractions of the corresponding sample. If the lipid fraction was 
not reported, we used an averaged lipid fraction of 10.0 and 5.6% for liver and muscle, 
respectively, calculated from all P. flesus samples in the whole TCM database. Because 
predators typically consume the whole fish, we converted the organ–specific concentrations 
to whole body residues. For organic substances, we assumed that the chemical 
concentration was uniformly distributed across P. flesus' body fat. Methylmercury and 
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 metals, however, are known to accumulate at varying concentrations in different organs of 
fish.51,159 Residues of methylmercury and metals were commonly measured in P. flesus' 
muscle and liver, respectively.157 For methylmercury, we used a muscle–whole body ratio 
(ww) of 1.5, calculated as geometric mean value based on values of 1.2, 1.4, and 1.9 
reported for herring (Clupea harengus), perch (Perca fluviatilis), and bald notothen 
(Pagothenia borchgrevinki), respectively.159,160 For cadmium, we used a liver–whole body 
ratio (ww) of 9.3, calculated as geometric mean value based on values of 6.3, 9.1, and 14.2 
reported for perch, herring, and bald notothen, respectively.159,160 Liver–whole body ratios 
(ww) based on bald notothen and catfish (Clarias gariepinus) ranged from 3.8 to 24.5 for 
copper, 1.9 to 122.4 for lead, and 2.5 to 68.0 for zinc, corresponding with a geometric mean 
liver–whole body ratio of 9.7 for copper, 15.4 for lead, and 13.1 for zinc.160,161 For the other 
metals, a liver–whole body ratio (ww) of 10 was used.51 Mercury compounds in P. flesus 
have been reported as mercury in the TCM database. Mercury compounds in muscle of 
high trophic level fish species like P. flesus consisted of 80 to 100% methylmercury and up 
to 20% inorganic mercury.162 Therefore, mercury concentrations in P. flesus' muscle were 
converted to methylmercury and inorganic mercury assuming that 80% of the mercury 
consisted of methylmercury and 20% of inorganic mercury.162 
Geographic coordinates or names for each sampling location were retrieved from the TCM 
database. Sampling locations were pooled when the sampling location name or coordinates 
pertained to the same estuary or coastal area. To exclude historical residue levels, we 
selected samples taken in the year 2000 or later. With this boundary, we retained a number 
of at least two samples per location, which is required to calculate ER. On the basis of the 
data available, we selected 10 locations in four European countries for the risk assessment 
(see the flowchart in the SI, Figure S4.2). For the 10 locations, a total number of 8671 
samples were obtained from the TCM database. Of these, the measured concentrations of 
977 samples were below the detection limit. Measured concentrations below the detection 
limit were set to half the detection limit. We analyzed the influence of alternative methods 
for handling non–detects on the measured concentrations by setting the non–detects at the 
same value as the corresponding detection limit and by omitting the non–detects. The 
collected monitoring data are available in the SI (Table S4.9). 
4.2.4 Risk assessment 
Ecological risk. The ER (dimensionless) expresses the probability that a species in the field 




⋅= dx CDFPDFER SSDECD
 (4.2) 
with PDF as the normal probability density function of the exposure concentration 
distribution (ECD) of substance x and the CDF as the cumulative distribution function of 
the sensitivities of the species to increasing x, as quantified by the SSD. The overlap 
between the PDFECD and CDFSSD curves is proportional to the degree of ER expected 
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 (Figure 4.2). For each substance, the ER was calculated with the MS Excel function 
NORMSDIST((̂ − ̂)/√( + )), where	 μ̂2	and	 σ̂2	represent the mean and standard 
deviation of the log10–transformed NOECs for each individual substance, respectively.57 
Factors	 μ̂1	 and	 σ̂1	 represent the parameters of the PDFECD function of each individual 
substance. The total ecological risk due to multiple substances was calculated by response 










with nx as the number of substances and ERx as the ecological risk for each substance 
individually.144 
Potentially affected fraction. The PAF (dimensionless) represents the fraction of species 
potentially affected above their NOECs at a given measured environmental concentration 
(Figure 4.2). For each substance, the PAF was calculated by the MS Excel function 
NORMDIST(log(), ̂, , 1), with Cx as the geometric mean exposure concentration and 
parameters μ̂2	and	σ̂2	representing the mean and standard deviation of the log10–transformed 
NOECs for each individual substance, respectively.60,163 
Multi–substance potentially affected fraction of species. The combined (concentration–
added) effect of a group of substances with the same MoA (msPAFMoA; dimensionless) was 
calculated by the MS Excel function NORMSDIST(log(TUMoA),0,average(σMoA)), with 
TUMoA and σMoA as the effective toxicity (in dimensionless toxic units) and the average 
standard deviation of the group of substances with the same MoA, respectively.60 TUMoA 














Assuming complete independence of the different MoAs, the combined (response–added) 






If available, substance–specific SSD parameters were used for calculating ER and PAF 
(Table 4.1). If a substance–specific SSD was not available, the means and standard 
deviations from the MoA–specific SSDs were converted to weight basis and used instead 
(Table 4.2). If for a substance an SSD was available on more than one endpoint, we 




Figure 4.2 Graphical representation of ecological risk (ER), defined as the overlap between the 
cumulative probability distribution (CDF) of species sensitivities (i.e., the SSD) and the probability 
density function (PDF) of the exposure concentration distribution (ECD) of substance x in the field. 
The arrows indicate the inference of the hazardous concentration for 5% of the species (HC5) and 
the potentially affected fraction (PAF) of species at a given exposure concentration Cx. 
4.3 Results 
4.3.1 Substance–specific SSDs 
Substance–specific SSDs and HC5s for birds and mammals could be obtained for 41 
substances from log10–transformed NOECs (mg·kg–1 wet weight in food) on the endpoint 
growth, reproduction, survival, or a combination thereof (Table 4.1 and SI, Figure S4.1). 
The mean ranged from –0.5 to 3.4, pertaining to difethialone (survival) and quintozine 
(reproduction), respectively. The standard deviation ranged from 0.11 to 1.30, pertaining to 
diflubenzuron (combined) and deltamethrin (combined). No SSDs were calculated for 
carbofuran (combined), dichlorophenoxyacetic acid (combined), methylmercury (survival 
and growth), and trifluralin (combined), because the NOEC distributions of these 
substances significantly deviated from a normal distribution (p < 0.05). 
4.3.2 MoA–specific SSDs 
Numbers. NOECs on at least two different species (ns ≥ 2) were obtained for 271 individual 
compounds in total. The mean and standard deviation of log10–transformed NOECs with 
effects on growth were calculated for 99 substances. Of these, 62 substances belonged to 
one of the 15 major MoAs distinguished. Analogously, means and standard deviations were 
calculated from NOECs with effects on reproduction and survival for 96 and 44 substances, 
respectively (Table 4.2). Of all NOECs with effects on growth and survival, about 50% 
were tested on birds and 50% on mammals. For reproduction, however, 80% of the NOECs 
were tested on birds and 20% on mammals. All SSD parameters in Table 4.2 were obtained 
from NOECs of at least one bird and one mammal. Exceptions were found for narcotic C 
(reproduction) and respirotoxic B (growth and survival) which were entirely based on birds 
and mammals, respectively. 
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 Table 4.1 Substance–specific mean μ̂, standard deviation σ,̂ and corresponding log10 HC5 (with 
corresponding 95% confidence intervals) of log10–transformed NOECs (mg·kg
–1 wet weight in food) 
for substances tested on at least 4 different species (ns ≥ 4) on the endpoints growth, reproduction, 
survival, and a combination thereof (combined).a 
substance 
growth   reproduction   survival   combined 
μ̂ σ̂ ns   μ̂ σ̂ ns   μ̂ σ̂ ns   μ̂ σ̂ ns log10 HC5 
4,4'–DDE 
   
1.8 0.55 4 0.81 (–1.03, 1.41)
4,4'–DDT 2.2 0.47 4 1.5 0.55 5 2.2 0.67 7 1.8 0.80 9 0.41 (–0.64, 0.99)
amitraz 1.3 0.35 5
   
1.3 0.35 5 0.67 (–0.19, 1.01)
atrazine 
   
2.1 0.24 4 1.71 (0.91, 1.97)
benfluralin 
   
2.5 0.43 4 1.75 (0.32, 2.22)
boric acid 3.1 0.63 5
   
3.0 0.75 5 1.64 (–0.18, 2.37)
bromacil 
   
3.2 0.39 4 2.50 (1.21, 2.92)
cadmium 1.3 0.61 8
   
1.1 0.62 10 0.01 (–0.74, 0.43)
carbaryl 2.9 0.67 5 3.0 0.62 6 2.9 0.63 4 2.9 0.53 7 2.00 (1.11, 2.44)
carbofuran 2.2 0.29 4
     chlorotetracycline 1.6 0.75 4
   
1.6 0.75 4 0.22 (–2.25, 1.03)
chlorpyrifos 1.3 0.69 4 1.9 0.32 4
  
1.3 0.60 6 0.30 (–0.87, 0.83)
copper 1.9 0.57 12 2.4 0.70 6 
  
1.8 0.55 12 0.85 (0.28, 1.19)
cymperator 
   
1.5 0.21 4 1.14 (0.44, 1.37)
cyromazine 
   
2.3 0.44 4 1.45 (–0.01, 1.92)
deltamethrin 
   
1.6 1.30 4 –0.80 (–5.11, 0.62)
diazinon 1.0 0.33 4
  
1.0 0.33 5 0.37 (–0.43, 0.69)
dichlorvos 1.3 0.44 4 1.2 0.51 4 
  
1.4 0.75 6 0.08 (–1.40, 0.74)
dicofol 1.6 0.52 5 1.6 0.75 4 
  
1.5 0.70 6 0.30 (–1.06, 0.91)
dieldrin 0.6 0.40 7 0.7 0.47 7 0.6 0.45 10 –0.21 (–0.76, 0.10)
difethialone 
 
–0.5 0.44 4 –0.5 0.44 4 –1.30 (–2.76, –0.82)
diflubenzuron 2.4 0.13 5
  
2.4 0.11 5 2.20 (1.93, 2.30)
dimethoate 
   
1.2 0.60 4 0.10 (–1.87, 0.75)
endosulfan 
   
1.1 0.44 5 0.35 (–0.71, 0.78)
endrin 
   
0.7 0.71 4 –0.65 (–3.01, 0.13)
fenitrothion 
   
1.7 0.40 4 0.97 (–0.35, 1.40)
fenvalerate 2.3 0.74 4
   
1.9 1.12 5 –0.05 (–2.75, 1.02)
ferrous sulfate 2.4 0.33 4
   
2.4 0.33 4 1.85 (0.76, 2.20)
fipronil 
   
1.8 0.85 4 0.28 (–2.55, 1.20)
hexachlorobenzene 
   
1.5 0.55 4 0.49 (–1.32, 1.08)
lead 2.9 0.76 6
   
2.8 0.74 8 1.53 (0.43, 2.09)
lindane 
   
1.6 0.56 4 0.54 (–1.30, 1.14)
mercaptodimethur 
   
1.6 0.94 4 –0.10 (–3.22, 0.92)
mercury 
 
0.7 0.59 4 0.6 0.42 5 –0.10 (–1.11, 0.31)
methylmercury   0.3 0.35 10 –0.29 (–0.72, –0.05)
methylparathion 
   
1.1 0.90 5 –0.49 (–2.68, 0.38)
propoxur 
   
1.3 0.76 4 –0.08 (–2.60, 0.75)
quintozine 2.9 0.48 6 3.4 0.46 4 2.8 0.59 6 1.80 (0.64, 2.31)
sodium fluoride 1.9 0.74 5
   
1.8 0.74 5 0.45 (–1.35, 1.16)
trifluralin 2.6 0.70 5
     zinc 2.4 0.69 8  2.8 0.84 6  2.8 0.97 5  2.4 0.71 9 1.23 (0.29, 1.74)
aSubstances are ordered alphabetically by common chemical name. The HC5s for growth, reproduction, 
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 Means. The means of the log10–transformed NOECs averaged by MoA ranged from –4.8 
(neurotoxic B, growth) to –1.8 (phytotoxic B, growth). For narcotics, means were in the 
range of –3.6 to –2.1. The means for substances with a specific MoA (neurotoxic and 
respirotoxic compounds) were in the range of –4.8 to –2.8. For all endpoints, the means of 
substances for specific MoAs for birds and mammals were significantly lower than those 
for narcotics (growth p < 0.001; reproduction p < 0.05; survival p < 0.05; growth, 
reproduction, and survival combined p < 0.001), confirming hypothesis A (SI, Table S4.4). 
For all MoA groups, the means for survival were similar to those for growth or 
reproduction (p > 0.05 for each of the three MoA groups; SI, Table S4.5). Thus, hypothesis 
B was not confirmed. The means of DDT (reproduction), diazinon (reproduction), 
dichlorvos (reproduction), dicofol (reproduction), and methylmercury (growth and survival) 
were lower than the lower limit of the 95% confidence interval of the corresponding MoA 
and endpoint. The means of carbaryl (growth, reproduction, survival), carbofuran (growth), 
chlorpyrifos (reproduction), copper (reproduction) fenvalerate (growth), lead (growth), and 
zinc (growth, reproduction, survival) were higher than the upper limit of the 95% 
confidence interval of the corresponding MoA and endpoint. 
Standard deviations. The standard deviations of the log10–transformed NOECs averaged by 
MoA ranged from 0.08 to 0.99, pertaining to respirotoxic B (growth) and fungitoxic A 
(survival). The standard deviations for narcotics and specific MoAs ranged from 0.19 to 
0.57 and 0.08 to 0.88, respectively. For all endpoints, the standard deviations for narcotics 
were not significantly higher or lower than those for MoAs specific to birds and mammals 
(p > 0.05 for all endpoints), confirming hypothesis C. For all MoA groups, the standard 
deviations for survival were not significantly smaller than those for growth or reproduction 
(p > 0.05 for all MoA groups). Thus, hypothesis D was not confirmed. The standard 
deviations of carbofuran (growth), chlorpyrifos (reproduction), ferrous sulfate (growth), 
and methylmercury (growth) were lower than the lower limit of the 95% confidence 
interval of the corresponding MoA and endpoint. The standard deviations of carbaryl 
(growth), dicofol (reproduction), chlorpyrifos (growth), DDT (survival), lead (growth), and 
zinc (growth, survival) were higher than the upper limit of the 95% confidence interval of 
the corresponding MoA and endpoint. 
4.3.3 Risk assessment 
Total Ecological Risk (total ER) and multi–substance PAF (msPAF), combining the risks 
of all stressors were calculated for 10 Northwestern European estuaries and coastal areas 
based on 19 individual substances (Table 4.3). Substance–specific SSDs were used for 10 
substances, whereas calculations for the other nine were based on the MoA–specific SSDs 
(SI, Table S4.10). The total ER ranged from 2.7 × 10–3 (Esperance Bugt) to 2.5 × 10–2 
(Sørfjord). The highest ER of an individual substance was 1.3 × 10–2 (methylmercury in 
Sørfjord). The ERs for zinc, copper, methylmercury, and cadmium ranged from 1.7 × 10–3 
to 7.2 × 10–3, 8.8 × 10–4 to 1.0 × 10–2, 5.5 × 10–7 to 1.3 × 10–2, and 3.0 × 10–7 to 5.5 × 10–3, 
respectively. The ER of the other substances were all below 1.0 × 10–3. The maximum 
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 difference between total ER and msPAF was 8.3 × 10–3 (Forth estuary; Table 4.3). The 
maximum difference between ER and PAF for an individual substance was 1.3 × 10–2 
(methylmercury in Sørfjord). ERs and PAFs did not change with the approach used to 
handle samples with non–detects (SI, Table S4.11 and Table S4.12). 
Table 4.3 Total Ecological Risk (total ER) and multi–substance Potentially Affected Fractions of 
species (msPAF) for birds and mammals in 10 Northwestern European estuaries and coastal areas.a 
location total ER   msPAF   n 
Clyde estuary 8.3 × 10–3 2.9 × 10–3 2.1 × 102 
Ems–Dollard 6.1 × 10–3 3.3 × 10–3 1.5 × 103 
Esperance Bugt 2.7 × 10–3 6.0 × 10–4 1.1 × 103 
Forth estuary 1.7 × 10–2 8.8 × 10–3 1.3 × 102 
Hardangerfjord 4.8 × 10–3 1.6 × 10–3 6.9 × 102 
Køge Bugt 8.4 × 10–3 4.3 × 10–3 6.1 × 102 
OMØ 8.3 × 10–3 1.7 × 10–3 1.6 × 103 
Sandefjord 5.1 × 10–3 2.1 × 10–3 7.8 × 102 
Sørfjord 2.5 × 10–2 2.2 × 10–2 6.3 × 102 
Scheldt estuary 6.6 × 10–3 3.3 × 10–3 1.4 × 104 
a
n represents the number of measured samples. The ER and PAF of the individual substances are provided 
in the SI (Table S4.10). 
4.4 Discussion 
4.4.1 Substance–specific SSDs and HC5s 
SSDs were calculated, and corresponding HC5s were derived from long–term NOECs for 
41 substances. Other studies calculated HC5s for six substances based on a combination of 
long–term NOECs, short–term NOECs, and LOECs, where short–term NOECs and LOECs 
were converted to long–term NOECs by dividing them by assessment factors of 10 and 2, 
respectively.62,63 The log10–transformed HC5s reported in these studies were 0.21 to 0.73 
lower than those reported in the present study (equivalent to a factor of 2 to 5 toxicity 
increase; SI, Table S4.6). An analysis of the NOECs used by these authors revealed that for 
each substance, except dieldrin, the lowest NOEC was derived from a short–term NOEC or 
a LOEC. The lowest NOEC has been identified as the most sensitive parameter for 
calculating a HC5, indicating that the short–term NOECs and LOECs were responsible for 
the lower HC5s reported in the other studies.57 Indeed, omitting the lowest NOEC for 
cadmium from the log10–transformed NOECs in Luttik et al.62 showed that the HC5 
increased from –0.46 to 0.21. We decided to use only long–term NOECs to avoid potential 
bias related to the usage of arbitrary assessment factors. Including short–term NOECs and 
LOECs from the ECOTOX database will increase the number of substances for which a 
HC5 can be derived to over a 100. Yet, care must be taken when the lowest NOEC is 
derived from a short–term NOEC or a LOEC. Additional toxicity data for birds and 
mammals might be acquired from literature by selecting non–demographic endpoints, such 
as inhibition of enzyme activities, up–regulation of the expression of stress proteins, 
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 changes in RNA or DNA incidences, and incidences of mutagenicity or carcinogenicity.164 
In addition, supplementary toxicity data might be generated by using, for example, 
quantitative structure–activity relationships between chemicals or interspecies correlation 
estimation models.140,165 
4.4.2 MoA–specific SSDs 
Means. The means of substances for specific MoAs for birds and mammals were 
significantly lower than those for narcotics (Table 4.2). Similar results were found for 
short–term LD50s for birds and mammals.26 Substances with a specific MoA interfere 
directly with specific receptors in processes in an organism, such as uncoupling or blocking 
of the oxidative phosphorylation and inhibition of regulatory components (nerves), whereas 
narcotics do not react with specific receptors in an organism, thus explaining why narcotics 
are relatively less toxic.26 Herbicides and fungicides may kill target organisms with a 
specific MoA. Yet, these compounds may affect birds and mammals via other, less toxic 
mechanisms. Indeed, our means and the means of LD50s indicated that herbi– and 
fungicides affected birds and mammals at levels similar to those of narcotics.26 
As we found information on MoAs in birds and mammals for only 46 substances, we used 
the MoAs from ASTER based on acute response by aquatic species.26,140 Yet, for the 46 
substances, the MoA in birds and mammals was highly similar to those in fish and 
invertebrates (SI, Table S4.7).166–170 A comparison of MoA–specific SSD parameters 
derived specifically for birds and mammals (SI, Table S4.8) with those for fish and 
invertebrates (Table 4.2) further showed that the average means of the log10–transformed 
NOECs were similar, except that the mean of substances with a sodium channel modulation 
MoA (survival) and inhibition of Cl transport MoA (all endpoints) in birds and mammals 
were 0.7 to 0.9 higher than the average means of corresponding MoA (neurotoxic A and B 
compounds) in aquatic species.140 These differences might be explained by the low number 
of individual compounds (nx = 1 to 3) that were available for calculating MoA–specific 
SSDs specifically for birds and mammals. Despite the suggested similarity in MoA for the 
limited number of substances investigated, it should be noted that a particular substance 
classified as having a specific MoA in fish and invertebrates might have a narcotic MoA in 
birds and mammals. This may imply that the means of specific MoAs overestimate the 
toxicity of that particular substance for birds and mammals. In addition, while the MoAs 
from ASTER were based on acute response from high acute exposure concentrations, the 
MoA of a particular substance might be different at a low chronic exposure concentration. 
Irrespective of endpoint, the average mean for substances over the 15 major MoAs was –
3.5, based on an average number of species ranging from 2.5 (reproduction) to 2.9 (growth) 
(Table 4.2). On the basis of the same average number of species and the same 15 MoAs, 
Hendriks et al.26 calculated a log10–transformed mean of –3.1 on short–term LD50s on birds 
and mammals, indicating a factor of 3 toxicity difference between LD50s and NOECs. In 
comparison, Mineau et al.171 found a factor of 1 to 87 and 4 to 16 difference between short–
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 term median lethal concentrations (LC50s) and lowest observed effect concentrations 
(LOECs) of pesticides on mallard duck and quail, respectively. 
On the basis of LD50s on birds and mammals, Hendriks et al.26 found that testing about 
60 – 100 species rather than two to three species decreased the mean by one order of 
magnitude, indicating that species commonly selected for toxicity testing do not represent a 
random sample. As the means of the different MoAs were predominantly based on only two 
to five different species (Table 4.2), the means of the MoA–specific SSDs may 
underestimate the overall sensitivity to chemicals. 
For most MoAs, the means for survival were higher than for growth and reproduction, but 
the differences were not statistically significant. No other studies compared the toxicity 
between endpoints for birds or mammals, but a few studies reported on differences in 
aquatic species. Jin et al.164 calculated SSDs for nonylphenol on aquatic species and found 
that the mean of acute data on survival was a factor of 4 to 36 higher than the means of 
chronic data on growth and reproduction. In addition, NOECs on fish species for survival 
were nearly always higher than for reproduction and growth.149,150 
Standard deviations. The standard deviations for narcotics and specific MoA were similar, 
indicating similar inter–specific variation in sensitivity to different compounds (Table 4.2). 
This corresponds with results based on short–term LD50s for birds and mammals.26 The 
average standard deviations for substances belonging to one of the 15 major MoAs were 
about 0.4 to 0.5, which were based on an average number of species ranging from 2.5 
(reproduction) to 2.9 (growth). On the basis of same average number of species and the 
same 15 MoAs, Hendriks et al.26 calculated a standard deviation of 0.3 on short–term 
LD50s on birds and mammals. The higher standard deviations for chronic dietary NOECs 
might reflect less standardized test setup compared to acute oral LD50s studies. For 
example, exposure periods of chronic exposure are more variable than single oral doses and 
oral administration by a feeding tube might represent a more standardized way of testing 
animals than exposure via food.26 On the basis of LD50s on birds and mammals, Hendriks 
et al.26 found that testing about 60 – 100 species rather than two to three species increased 
the standard deviation by a factor of 2. As the standard deviations of the different MoAs 
were predominantly based on only two to five different species (Table 4.2), the standard 
deviations of the MoA–specific SSDs probably underestimate interspecies variability in 
sensitivity. 
Few studies compared the variability in sensitivity among birds or mammals between 
different endpoints. One notable exception is Luttik et al.151 who reported a standard 
deviation of 0.37 for both short–term LD50s on survival and long–term NOECs on 
reproduction for pesticides. A study that assessed the effect of nonylphenol on aquatic 
species found that the standard deviation of acute data on survival (0.6) was similar to the 
standard deviations of chronic data on growth and reproduction (both 0.7).164 
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 Our tentative comparison of MoA–specific SSD parameters derived specifically for birds 
and mammals (SI, Table S4.8) with those for fish and invertebrates (Table 4.2) showed that 
the average standard deviations of the log10–transformed NOECs were similar, except that 
the standard deviations of substances with a sodium channel modulation MoA (survival) 
and inhibition of Cl transport MoA (growth and survival) in birds and mammals were a 
factor of 2 lower than the average standard deviation of corresponding MoA (neurotoxic A 
and B compounds) in aquatic species.140 In contrast, the average standard deviation of 
substances with an inhibition of Cl transport MoA (reproduction) in birds and mammals 
was a factor of 2 higher than the average standard deviation of corresponding MoA 
(neurotoxic B compounds) in aquatic species.140 These differences might be explained by 
the low number of individual compounds (nx = 1 to 3) that were available for calculating 
MoA–specific SSDs specifically for birds and mammals. 
4.4.3 Risk assessment 
The risk assessment showed that the total ERs and msPAFs ranged from 2.7 × 10–3 to 
2.5 × 10–2 and from 6.0 × 10–4 to 2.2 × 10–2, respectively, with zinc, copper, 
methylmercury, and cadmium contributing most. There are several reasons why the 
calculated risks underestimate the actual risks of chemicals in these estuaries. First, 
substances measured in P. flesus for which no SSD was available were not included in the 
risk assessment, namely dioxin–like PCBs, non–coplanar PCBs, polybrominated diphenyl 
ethers, and arsenic. Next, recent field studies have shown high or increasing concentrations 
of a range of substances of concern in estuarine and marine environments, including 
tributyltin, toxaphene, nonyl– and octylphenol, phthalate esters, perfluorochemicals, and 
pharmaceuticals.148 These substances were not measured in P. flesus. Finally, no 
assessment or conversion factors were applied to the NOECs. Yet, it has been suggested 
that toxicity data derived from birds and mammals exposed to food in the laboratory should 
be corrected before being applied to predators in the field, by applying an assessment factor 
of 5 for the differences in food intake rate, caloric content of food, metabolic rate, and food 
and pollutant assimilation efficiency.48,172 We assessed the influence of a laboratory–field 
assessment factor on the ERs and PAFs by dividing the NOECs with a factor of 5.172 This 
resulted in total ERs and msPAFs ranging from 6.0 × 10–2 to 3.5 × 10–1 and from 4.9 × 10–2 
to 3.4 × 10–1, respectively (SI, Table S4.13). However, whether a laboratory–field 
assessment factor should be used on bird and mammal toxicity data is still under debate.48 
As P. flesus is a demersal fish that lives in and near sediments, its internal chemical 
concentrations might be higher compared to concentrations in pelagic fish species.173 As 
most birds and mammals feed also on pelagic fish and invertebrates, the ER and PAF 
values based on merely P. flesus might overestimate the actual risk.158 The risk assessment 
can be improved by including pelagic fish and invertebrates in the field data set, such as the 
frequently measured herring (Clupea harengus) and the common mussel (Mytilus edulis).157 
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 The MoA–specific SSDs (Table 4.2) were used for substances without a substance–specific 
SSD. As we found information on MoAs in birds and mammals for only 46 substances, we 
used the MoAs from ASTER based on acute response by aquatic species.26,140 Yet, based on 
46 substances, we estimated the MoA–specific SSDs based on the MoA in birds and 
mammals (SI, Table S4.8) and used these MoA–specific SSDs for estimating the total ERs 
and msPAFs. The total ERs and msPAFs based on MoA–SSDs specific to birds and 
mammals were similar to those based on the MoA in aquatic species (SI, Table S4.14). 
4.4.4 Implications 
In the present study, we derived SSDs and corresponding HC5s for birds and mammals for 
41 substances (Table 4.1). If no toxicity data are available for a chemical, the mean and the 
standard deviation values reported per MoA may serve as a first indication of the SSD 
characteristics to be expected (Table 4.2). The SSDs in the present study can be used in 
regulatory procedures and for assessing the impacts of contaminants on birds and mammals 
from fish contaminants monitoring programs. The risk assessment could be further 
improved by including pelagic fish and invertebrates as a food source for birds and 
mammals. 
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 Abstract 
Several studies have related breeding success and survival of sea eagles to toxic or non–
toxic stress separately. In the present investigation, we analyzed single and combined 
impacts of both toxic and disturbance stress on populations of white–tailed eagle 
(Haliaeetus albicilla), using an analytical single–species model. Chemical and 
eco(toxico)logical data reported from laboratory and field studies were used to parameterize 
and validate the model. The model was applied to assess the impact of ∑PCB, DDE, and 
disturbance stress on the white–tailed eagle population in The Netherlands. Disturbance 
stress was incorporated through a 1.6% reduction in survival and a 10 – 50% reduction in 
reproduction. ∑PCB contamination from 1950 up to 1987 was found to be too high to allow 
the return of white–tailed eagle as a breeding species in that period. ∑PCB and population 
trends simulated for 2006 – 2050 suggest that future population growth is still reduced. 
Disturbance stress resulted in a reduced population development. The combination of both 
toxic and disturbance stress varied from a slower population development to a 
catastrophical reduction in population size, where the main cause was attributed to the 
reduction in reproduction of 50%. Application of the model was restricted by the current 
lack of quantitative dose–response relationships between non–toxic stress and survival and 
reproduction. Nevertheless, the model provides a first step towards integrating and 




 5.1 Introduction 
Populations of birds of prey have been affected by bioaccumulation of organochlorines like 
DDT and PCBs during the twentieth century.174–177 The relationships between DDT and 
PCBs exposure and reduced reproduction in sea eagles, i.e., white–tailed eagles (Haliaeetus 
albicilla) and bald eagles (Haliaeetus leucocephalus), have extensively been 
documented.178–181 Due to the ban on PCBs and DDT and due to conservation measures, 
most sea eagle populations are currently recovering.182–184 In some countries, however, 
reproduction rates of sea eagles are still low.177,185 In addition to toxic stress, non–toxic 
stress factors have been linked to low breeding success.186,187 Sea eagles are known to be 
sensitive to, for example, limited resource availability, climate change, and poor habitat 
configuration, but also to frequent human disturbance, which can cause breeding 
failures.188–194 To facilitate the return of sea eagles as an indigenous species in The 
Netherlands, impacts of toxic and non–toxic stress have to be integrated, quantified and 
assessed at population level endpoints.195,196 So far, most quantitative studies focused on the 
impacts of single stressors. Besides, investigations of birds of prey, including sea eagle 
studies, usually assess impacts on reproduction, such as the number of young per pair, 
nestling brood size, and fledging success, rather than population level endpoints. 
The aims of the present study were to (1) develop a tool to quantify the impact of multiple 
stressors on the population development of white–tailed eagles, (2) determine if PCB and 
DDT were potentially limiting the establishment of white–tailed eagles in The Netherlands 
in the past, and (3) assess the development potential of a white–tailed eagle population in 
The Netherlands. To that end, we extended an existing analytical single–species modelling 
framework to include the impacts of organochlorine contaminants as well as disturbance 
stress on white–tailed eagle populations. The model was parameterized using values 
collected from literature and validated on an independent field data set. 
5.2 Model development and application 
5.2.1 General approach 
The toxic stress module of the model was based on a framework for assessing the impact of 
PCB contamination on reproduction, survival, and population parameters of cormorants 
(Phalacrocorax carbo). The basic equations are briefly summarized, as details can be found 
elsewhere.197,198 The number of breeding individuals in a given year N(t) is calculated from 
the population in the preceding year N(t–∆t) by 



















where r(C,t) and r(0,t) represent the rates of increase at time t under contaminated 
conditions and under reference conditions respectively, N(∞) represents the carrying 
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 capacity, and the time step ∆t was set at 1 year. The rate of increase under reference 
conditions r(0) was calculated by 







with l(a) as the fraction surviving until at least age a and amax as the maximum age. The 
age–specific fecundity or reproduction rate m(a) represents the number of juveniles fledged 
per individual during interval da.197,199 The rate of increase under contaminated conditions 
r(C) can be related to the exposure concentration C according to197 

























where the median lethal concentration (LC50) and median effect concentration (EC50) 
represent 50% reductions of l(a) and m(a), respectively. Parameter ß characterizes the slope 
of the concentration–response curve; the terms 1/(1+(C/LC50)1/ß) and 1/(1+(C/EC50)1/ß) 
represent the fractions of the population which are unaffected by toxic stress through 
survival and reproduction, respectively. The ratio between the rate of increase r(C) at 
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with R(0) as the lifetime fecundity, i.e., the average number of offspring per individual per 
generation time, calculated as197,199 







Non–toxic environmental stressors, like disturbance, may affect the population size N(t) by 
further reducing the rate of increase r(C).198 Under the assumption that effects of toxic 
stress and disturbance are purely additive, the population fractions unaffected by either 
stressor can be multiplied to determine the population fraction unaffected by both stressors 
combined.60 Disturbance stress can then be implemented in Equation 5.4 to arrive at 
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 where r(C,D)/r(0) represent the ratio of the rate of increase as a function of a chemical 
concentration C and disturbance D and the rate of increase in reference conditions r(0). The 
factors fL and fE represent the age independent population fractions which are unaffected by 
disturbance stress through survival and reproduction, respectively. 
5.2.2 Ecological and toxicological parameters 
The toxic stress module of the model was parameterized for the organic contaminants 
∑PCB and DDE, which have been frequently linked to reduced reproduction in sea 
eagles.178–181 Where possible, white–tailed eagle data were used for model parameterization. 
If species–specific values were not available, values for the closely related bald eagle 
(H. leucocephalus) were used instead. Assuming that bald eagle data can be applied instead 
of white–tailed eagle data seems reasonable because the life history patterns are sufficiently 
comparable. Besides, hazard values estimated for bald eagles have been used in previously 
published white–tailed eagle studies.200,201 To cover variation and uncertainties in 
ecological data, the model was parameterized for both favorable and unfavorable 
conditions. 
The rate of increase under reference conditions r(0) was obtained from age–specific 
reproduction rates of a bald eagle population living in uncontaminated areas and survival 
rates of white–tailed eagles (Table 5.1). Measured survival rates for juvenile white–tailed 
eagles of 0.86 – 0.95 were reported by Saurola et al.202 According to Nygard et al.,203 
survival rates for young birds in the first two years ranged from 0.90 to 0.95. Green et al.204 
measured survival rates in a reintroduced population of 0.73 for young birds prior to 
settlement and 0.94 for established birds. In other studies, survival rates reported for white–
tailed eagles range from 0.72 to 0.95 for juveniles and from 0.85 to 0.97 for adults.184,205,206 
Exceptionally low and high values could be attributed to location circumstances (e.g., 
Green et al.204) or were based on a small sample size (e.g., Krüger et al.184). Survival rates 
of 0.75 – 0.85 for juveniles and 0.90 – 0.95 for adults were found to be more common and 
were used for calculating the rate of increase under favorable and unfavorable conditions, 
respectively. For reproduction, we used data of a bald eagle population in Florida and 
Chesapeake Bay before widespread use of PCB and DDT.207 The mean reproduction of 1.7 
fledging juveniles per nest reported for 1936 – 1946 is among the highest published for sea 
eagles.208 Reproduction rates of 2 juveniles per nest over multiple years were common and 
some nests occasionally produced 3 fledging juveniles per year.207 It was assumed that the 
somewhat lower average reproduction of 1.7 juveniles per nest included random nest 
failures due to inter–specific competition and bad weather.207 Fledging success values of 
1.7 (average) and 2 (maximum) juveniles per nest were converted following Bortolotti209 
and Grim and Kallemeyn191 and used for parameterization of the rate of increase under 
unfavorable and favorable reference conditions, respectively (Table 5.1). Following Watts 
et al.194 we assumed that the Chesapeake Bay bald eagle population had not reached its 
carrying capacity yet, implying that reproduction was not affected by intra–specific 
competition. The lifetime fecundity was based on the life history data given in Table 5.1. 
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 Table 5.1 Ecological parameters for unfavorable and favorable conditions. 
variable unfavorable favorable 
amax, maximum age (y)
a 36 36 
maturation age (y)b 5 5 
l(a), survival rate (y–1)c 0.75 (age < 4), 0.90 (age ≥ 4) 0.85 (age < 4), 0.95 (age ≥ 4) 
m(a), fledging rate (y–1)d 0 (age < 4), 0.83 (age ≥ 4) 0 (age < 4), 1 (age ≥ 4) 
r(0), rate of increase under reference 
conditions (y–1)a,b,c,d 
0.09 0.19 
R(0), life time fecundity (–)a,b,c,d 2.74 8.94 
N(∞) carrying capacity in The Netherlandse 30 30 
lipid fraction in eggs (–)f 0.05 0.05 
aWhite–tailed eagle data from Struwe–Juhl.210 bWhite–tailed eagle data from Green et al.204 cBased on 
white–tailed eagle data from Green et al.,204 Nygard et al.,203 Helander et al.,177 Saurola et al.,202 
Evans et al.,205 Radovic and Mikuska,206 and Krüger et al.184 dBald eagle data from Buehler et al.188 eBased 
on white–tailed eagle data from Reijnen et al.211 and Van Rijn et al.212 fWhite–tailed eagle data from 
Helander et al.177,181 
 
Lethal concentrations LC50 for ∑PCB and DDE were estimated by calculating the 
geometric mean of the highest concentration reported in bald eagles with a non–toxic cause 
of death and the lowest concentration found in sea eagles known to have died from ∑PCB 
and DDE (Table 5.2 and Figure 5.1). The median effect concentration EC50 and the slope 
constant ß (Table 5.2 and Figure 5.1) were derived by fitting a sigmoid dose–response 
curve on reproduction data from a field study of white–tailed eagle populations in 
Sweden.177 Reproduction rates apply to three different sub–populations, monitored in 
1965 – 1997. During this period, 249 dead eggs from 205 clutches were analyzed for ∑PCB 
and DDE residues. Measured lipid weight concentrations were converted to wet weight 
concentrations using the average lipid fraction of 0.05 noted for eggs of white–tailed 
eagles.177,181 Data from Lapland were not used because this subpopulation suffered from 
food shortages, human disturbance, and bad weather.177 
 
Figure 5.1 The ratio r(C)/r(0) as a function of (a) ∑PCB and (b) DDE concentraSons in white–tailed 
eagles for favorable and unfavorable conditions (Table 5.1) calculated according to Equation 5.4. 
Concentration–response curves for average reproduction and survival were based on reproduction 




 Table 5.2 Toxicological parameters used for simulation of white–tailed eagle population size as a 
function of ΣPCB and DDE. 
variable ΣPCB DDE 
LC50 (µg·kg–1 wet weight)a 1.8 × 105 1.6 × 105 
EC50 (µg·kg–1 wet weight)b 3.5 × 104 1.4 × 104 
slope constant ß (–)b 3.4 × 10–1 7.0 × 10–1 
aCalculated from Reichel et al.213 and Garcelon and Thomas.214 bCalculated from Helander et al.177
5.2.3 Model testing and data acquisition for validation 
The equations and the parameter settings used in the toxic module of the model were tested 
by comparing exposure concentrations C(t) and population size N(t) with field data 
collected from the literature. Exposure concentrations C(t) were quantified by estimating 
residues in eggs from sediment concentrations, according to a method described by 
Hendriks and Enserink.197 Sediment levels comprised PCB118 and DDE concentrations 
measured in Lake Erie’s western basin in 1971 and 1996.215–217 To obtain a continuous data 
set, linear interpolation was applied. Interpolated PCB118 concentrations in sediment 
organic matter were converted to concentrations of the standard congener PCB153 by 
multiplying them by 1.8.218 The PCB153 concentrations were used to derive levels in fish 
using a biota lipid–organic sediment accumulation factor of 1.8 and a lipid fraction of 0.05 
for vertebrates.197,219 Concentrations in fish, in turn, were used to determine concentrations 
in eagle eggs using a biomagnification factor from fish to egg of 28 as previously reported 
for bald eagles.179 The ∑PCB residue in eggs was calculated by multiplying the estimated 
PCB153 concentration by a factor of 5.177 For DDE, we used a biota lipid–organic sediment 
accumulation factor of 11.6 reported for fish, a lipid fraction of 0.05 for vertebrates,197,220 
and a biomagnification factor from fish to egg of 22, as reported for bald eagles.179 Next, 
the chemical residues of ∑PCB and DDE predicted in eagle eggs from sediment 
concentrations were compared with ∑PCB and DDE residues measured in bald eagle eggs 
obtained from the Lake Erie area.180 The predicted egg residues were also used for 
estimating the population size N(t). Predicted population sizes were compared with 
observed population data of bald eagles from Lake Erie from 1977 to 1993 reported by 
Bowerman,221 which were converted to breeding individuals according to Bortolotti209 and 
Grim and Kallemeyn.191 
5.2.4 Population development for The Netherlands 
The model was applied to estimate the past and future population developments of white–
tailed eagles in The Netherlands. For the period up to 1988, environmental concentrations 
of PCB118 were derived from measurements in sediment core samples obtained from Lake 
Ketelmeer.222 PCB118 sediment concentrations were used to derive ∑PCB concentrations in 
white–tailed eagle eggs as described above. For 1989 – 2050, emissions as well as 
degradation of ∑PCB were assumed to be negligible. For DDE, no sediment core data were 
available for The Netherlands. Instead, we used concentration trends of ∑DDT in European 
eels (Anguilla anguilla) caught in Lobith from 1978 till 1997.223 The ∑DDT concentrations 
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 were converted to DDE, assuming that DDD and DDT had been transformed to DDE. As 
the DDE peak is expected to have occurred before 1978, for which no measurements were 
available in The Netherlands, the DDE trends observed in Sweden177 and Germany183 were 
extrapolated to our study area. For 1998 – 2050, emissions as well as degradation of DDE 
were assumed to be negligible. 
So far, mortality rates of sea eagles due to disturbance stress have not been quantified, 
although several authors have reported anthropogenic causes of white–tailed eagle and bald 
eagle mortality.213,224–226 We calculated a disturbance–induced mortality fraction of 0.016 
based on the casualties and population size reported for white–tailed eagles in Germany, 
yielding a surviving fraction fL of 0.984.227,228 The non–toxic and unnatural causes of 
mortality underlying this fraction were collision with trains, tissue or bone destruction with 
unknown origin (trauma), electrocution, and collision with wires (wind turbines and 
deliberate poisoning were not included). Unfortunately, no quantitative data could be found 
regarding the effects of disturbance stress on white–tailed eagles’ reproduction success in 
The Netherlands. In addition, the degree of disturbance stress likely varies as it depends 
highly on variables such as distance, degree, frequency, and type of disturbance (e.g., 
McGarigal et al.,189 Grubb et al.,190 and Steidl and Anthony192). To cover some of the 
uncertainty and variability in the effects of disturbance stress, we used reductions in 
reproduction of 10 and 50% in the simulations, corresponding with unaffected fractions fE 
of 0.9 and 0.5, respectively. 
As the white–tailed eagle has only recently begun to breed in The Netherlands, we did not 
simulate the population size N(t) from 1950 till 2005 starting from an arbitrary number. 
Instead, the ratio of r(C)/r(0) was used to assess the potential impacts of ∑PCB and DDE 
on white–tailed eagles. The model simulations for the period 2006 – 2050 start from one 
breeding pair in 2006.212 Within The Netherlands, the majority of wintering white–tailed 
eagles were recorded at large open wetlands, i.e., Oostervaardersplassen, Lauwersmeer, and 
enclosed estuaries such as Biesbosch, Hollandsch Diep, Haringvliet, Grevelingen, and 
Krammer–Volkerak.212 These areas provide a total of 56300 ha of riverine forest, 
macrophyte marshland, and shallow open water,229 which constitute suitable habitat for the 
species.211 Based on an average density of one white–tailed eagle breeding pair per 3750 ha 
of suitable habitat,211 following Bortolotti209 and Grim and Kallemeyn,191 we calculated a 
minimum carrying capacity of N(∞) of 30 breeding individuals for The Netherlands. 
5.3 Results  
5.3.1 Model testing and validation 
The difference between the estimated and measured ∑PCB concentration in eagle eggs was 
less than a factor of 2.5 (Figure 5.2A). The measured population size followed the scenario 
with a favorable parameter setting based on ∑PCB concentrations in eggs (Figure 5.2B). 
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 For DDE, the maximum difference between estimated and measured concentrations was a 
factor of 10.7 (Figure 5.2C) and the measured population densities followed the scenario 
with an unfavorable parameter setting based on sediment concentrations (Figure 5.2D). 
 
Figure 5.2 Comparison of measured and simulated (A) ∑PCB and (C) DDE residues in eggs180,215–217 
and observed population size N(t)221 compared with N(t) as a function of the simulated (B) ∑PCB and 
(D) DDE concentration trend for both favorable and unfavorable conditions (Table 5.1). Note that no 
carrying capacity N(∞) was applied in the model validation. 
5.3.2 Population development for The Netherlands 
From 1950 till 1987, the simulated ∑PCB residues in white–tailed eagles exceeded the 
value of 6.45 × 104 µg·kg–1 wet weight, resulting in a negative ratio r(C)/r(0), 
corresponding to a population reduction (Figure 5.3A). For DDE, ratios were close to 1, 
suggesting that the impact has been small even in unfavorable conditions (Figure 5.3B). 
Therefore the impact of DDE was not assessed for the period 2006 – 2050. 
 
Figure 5.3 The ratio of increase rates r(C)/r(0) for favorable (solid line) and unfavorable (dotted line) 
parameter setting as a function of (A) ∑PCB and (B) DDE concentraSons in Sme. The grey area 
represents the concentrations simulated for white–tailed eagle eggs. Note that the impact of 
disturbance stress is not included.  
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 The white–tailed eagle population projected for 2006 – 2050 increased and leveled off to 
the carrying capacity for favorable reference conditions and showed a steady increase for 
unfavorable reference conditions (Figure 5.4). Model simulations including ∑PCB 
exposure showed a reduced population growth, but eventually resulted in population sizes 
comparable to those in reference conditions (Figure 5.4A). Population sizes predicted for 
∑PCB exposure were in between the values predicted for 10 and 50% reductions in 
reproduction, respectively (Figure 5.4B). Under the assumption of additive effects, the 
combination of toxic and disturbance stress resulted mostly in a reduced population growth. 
However, under unfavorable conditions, a 50% reduction in reproduction combined with 
toxic stress resulted in a negative rate of increase and extinction of the population 
(Figure 5.4C). 
 
Figure 5.4 Trends in white–tailed eagle population size N(t) projected for 2006 – 2050 as a function 
of (A) ∑PCB exposure, (B) 10 or 50% reduction in annual reproduction and 1.6% reduction in annual 
survival due to disturbance stress, and (C) both stressors combined, for both favorable and 
unfavorable parameter setting (Table 5.1). 
5.4 Discussion 
5.4.1 Validation and assumptions 
The model developed provides a tool to quantify the impact of toxic and other stressors, 
due to for example disturbance, on white–tailed eagle populations. For the prediction and 
evaluation of population trends related to toxic stress, most data were available in literature. 
Unfortunately, quantitative data that relate reproduction parameters to disturbance stress 
were not available for sea eagles. Hence, disturbance stress could not be included in the 
validation of the model. According to the validation of the toxic stress module of the model, 
the measured DDE concentrations were consistently higher than the simulated 
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 concentrations (Figure 5.2C), but close to those estimated by Weseloh et al.230 Yet, the 
variability and uncertainty in ecological data (Table 5.1) have a larger effect on population 
development than uncertainty in the simulated egg concentrations (Figure 5.2D). Fixed 
fledging success values were used for calculating the reference rate of increase, which is a 
simplification. In reality, the fledging success often increases after first breeding and 
declines at the end of life.231 Large variations were found in survival and reproduction rates. 
However, the survival and reproduction rates that were used resulted in reference rates of 
increase for favorable and unfavorable conditions (Table 5.1) that are close to the minimum 
and maximum rates of increase (0.07 – 0.19) reported for an exponentially growing bald 
eagle population.188  
The estimated EC50s and LC50s for ∑PCB and DDE are considered to be indicative 
because the values are based on reproduction data from field studies and they were not 
derived by standardized methods. The values may be overestimated due to cumulative 
effects of ∑PCB, DDE, other chemicals, and other stressors. However, the threshold values 
for ∑PCB and DDE were close to those estimated for bald eagles.178,231,232 In addition, the 
first signs of a reduction in reproduction were revealed at a ∑PCB concentration of 
1 × 104 µg·kg–1 wet weight in eggs (Figure 5.1A). This corresponds with ∑PCB 
concentrations in eggs of herring gull (Larus argentatus) and Caspian tern (Sterna caspia) 
that showed substantial PHA skin responses.233 An immuno–toxicological approach to 
threshold values is desirable, because immunologic and other sub–individual responses 
have been related with the establishment success and population development of birds.233,234  
Despite the assumptions and simplifications that were made in the validation simulation, 
like the exclusion of potential cumulative effects, a carrying capacity, and possible density–
dependence in survival and reproduction parameters, the predicted population densities 
showed no major deviations from field data. 
5.4.2 Simulation of impact of ∑PCB, DDE and disturbance stress 
In retrospection, the simulated ∑PCB and DDE concentrations in Dutch white–tailed eagle 
eggs (Figure 5.3) are similar to levels previously reported for white–tailed eagle eggs from 
Sweden and Germany.177,183 From 2005 and further, the growing white–tailed eagle 
population is in line with the population dynamics of white–tailed eagles in Sweden,181 
Germany,183,184 and bald eagles in Canada and United States.174,179,180,235 For the simulation 
of the impact of disturbance stress, a mortality fraction of 0.016 per year was estimated 
based on mortality rates related to several anthropogenic, non–toxic causes reported for the 
German white–tailed eagle population.227,228 A slightly lower mortality fraction of 0.01 was 
calculated for a white–tailed eagle population in Sweden, where electrocution and toxic 
stress were the major causes of death.225,227 Yet, the mortality fraction of the German 
population was considered more representative, because of the resemblance of the 
infrastructure between Germany and The Netherlands. The calculated impact of a mortality 
fraction of 0.016 per year on the ratio of increase rates and on the population size N(t) was 
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 negligible. One may suggest that not all dead eagles were found the study of Krone et al.228 
and that the mortality rate therefore is underestimated. However, tentative sensitivity 
analyses revealed that mortality fractions of 0.01, 0.04, and 0.08 yielded similar model 
outcomes N(2050) of 23, 23, and 24 in unfavorable reference conditions, respectively, 
indicating that the model is relatively insensitive to adult mortality. 
Unfortunately, quantitative dose–response relationships relating reproduction parameters to 
human activities were not available for sea eagles, as such relationships are difficult to 
obtain for birds of prey.189,192 To cover some of the uncertainty and variability in the effects 
of disturbance stress, we simulated reductions in reproduction of both 10 and 50%. This 
range is in line with reproduction reductions of 11% and 50 – 56% due to visitor and 
investigator disturbance previously reported for common eider (Somateria mollissima) and 
Leach’s storm–petrel (Oceanodroma leucorhoa), respectively.236,237 Other reported values 
include 20% for black–legged kittiwake (Rissa tridactyla), 22% for golden plover 
(Pluvialis apricaria) and 44% for Egyptian vultures (Neophron percnopterus).238–240 
Relatively large impacts of disturbance stress were found for the 50% reduction in 
reproduction. Moreover, the model is sensitive to changes in the reproduction 
parameters,197 which further emphasizes the need for quantitative dose–response relations 
between disturbing stress and reproduction parameters. 
5.5 Conclusions 
In the present study, we simulated the impacts of ∑PCB, DDE, and disturbance stress on 
white–tailed eagle populations. The ∑PCB contamination from 1950 till 1987 was found to 
be too high to allow return of white–tailed eagle as a breeding species in The Netherlands. 
The impact of DDE concentrations was limited. Simulations of ∑PCB exposure for 2006 – 
2050 indicated that the future population development is still hampered. Simulation of the 
impact of disturbance stress resulted in a reduced population development. The 
combination of both toxic and disturbance stress varied from a slower population 
development to a catastrophical reduction in population size, where the main cause was 
attributed to the reduction in reproduction of 50%. Despite the limited availability of dose–
response relationships and the uncertainties in parameter setting and validation data, the 
model provides a first step in integrating and quantifying the impacts of multiple stressors 




 Chapter 6  
Modeling the impacts of multiple environmental stress 
factors on estuarine copepod populations 
John C. Korsman 
Aafke M. Schipper 
Lisette De Hoop 
Benoit Mialet 
Tom Maris 
Micky L.M. Tackx 































Published in Environmental Sciences and Technology 2014, 48, 5709–5717 
73
 Abstract 
Many studies have focused on natural stress factors that shape the spatial and temporal 
distribution of calanoid copepods, but bioassays have shown that copepods are also 
sensitive to a broad range of contaminants. Although both anthropogenic and natural stress 
factors are obviously at play in natural copepod communities, most studies consider only 
one or the other. In the present investigation, we modeled the combined impact of both 
anthropogenic and natural stress factors on copepod populations. The model was applied to 
estimate Eurytemora affinis densities in the contaminated Scheldt estuary and the relatively 
uncontaminated Darß–Zingst estuary in relation to temperature, salinity, chlorophyll a, and 
sediment concentrations of cadmium, copper, and zinc. The results indicated that 
temperature was largely responsible for seasonal fluctuations of E. affinis densities. Our 
model results further suggested that exposure to zinc and copper was largely responsible for 
the reduced population densities in the contaminated estuary. The model provides a 
consistent framework for integrating and quantifying the impacts of multiple anthropogenic 
and natural stress factors on copepod populations. It facilitates the extrapolation of 




 6.1 Introduction 
Despite their ecological importance, estuaries are often polluted due to industrialization and 
urbanization.17,241 While contaminants often accumulate in estuarine sediments due to the 
settling of suspended particulates and partitioning from the water column, accumulation of 
contaminants potentially leads to toxic effects on aquatic biota.242,243 Calanoid copepods are 
among the most numerous of all taxa in brackish and estuarine waters, and environmental 
factors that shape the distribution patterns of calanoid copepods in estuaries have been 
extensively studied.39,244,245 Field studies and laboratory experiments have shown that 
temperature, salinity, and food availability are among the most important natural 
environmental factors determining the spatial and temporal distribution of calanoid 
copepods.246–249 Other studies revealed that calanoid copepods are also sensitive to 
anthropogenic factors such as contamination with metals, organochlorines, polycyclic 
aromatic hydrocarbons, and nonylphenols.250–252 
Although both anthropogenic and natural stress factors are at play in copepod 
communities,32 most field and laboratory studies and all modeling studies take only either 
anthropogenic or natural stress factors into account. The aims of the present study were to 
(1) develop a tool for integrating and quantifying the combined impacts of anthropogenic 
and natural stress factors on the population development of calanoid copepods and (2) 
determine the relative importance of these stress factors for the population development of 
calanoid copepods in a contaminated and a relative uncontaminated estuary. 
Models are an important tool for understanding the temporal and spatial distribution of 
copepods. We developed a model to predict copepod population densities in the field based 
on individual–level stressor–response relationships derived from independent laboratory 
experiments. The model equations were parameterized using survival and reproduction data 
collected from previously published laboratory experiments on the calanoid copepod 
Eurytemora affinis. This species was chosen because E. affinis is frequently used in 
laboratory experiments and is often the most abundant calanoid species in both 
contaminated and uncontaminated estuaries in Europe and North America.253–257 We 
applied our model to simulate copepod population densities in a contaminated and a relative 
uncontaminated estuary, using measurement data of environmental conditions pertaining to 
temperature, salinity, food availability, and sediment metal concentrations. 
Data obtained from the Scheldt estuary (SE), an estuary on the border between Belgium and 
The Netherlands, were used to assess the relative importance of the various stressors in 
contaminated conditions. Although water quality in the SE has improved since 1996, 
sediment concentrations indicate that copepods may be affected by metals.22,254,258 Data 
from the Darß–Zingst estuary (DZE) in Germany, a relative uncontaminated estuary, were 
used to obtain results representative of relatively uncontaminated conditions. The model 
performance was evaluated by comparing the modeled copepod densities with densities 
observed in both estuaries. 
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 6.2 Methods 
6.2.1 General model description 
The model was based on a framework for assessing the impacts of various stressors on 
species such as Haliaeetus albicilla, Phalacrocorax carbo, Daphnia magna, and Calandra 
oryzae. The basic equations are provided below, as details can be found elsewhere.197,199,259 
Population density of adults on a given day N(t) is calculated from the population density 
on the preceding day N(t–∆t) by 



















where r(S(i),t)/r(0,t) represents the time–varying ratio of the rate of increase of the 
population as a function of one stress factor r(Si) or more stress factors r(S) and the rate of 
increase of the population in reference conditions r(0), respectively. N(∞) represents the 
carrying capacity and the time step ∆t is set at 1 day. The rate of increase of the population 
in reference conditions r(0) is calculated by 







with l(a) representing the survival rate until at least age a and amax representing the 
maximum age. The age–specific fecundity or reproduction rate m(a) characterizes the 
number of female offspring produced per interval da (i.e., 1 day) by a female aged a.199 The 
joint effects of stressors in copepod communities may act additively, synergistically, or 
antagonistically.260 Laboratory experiments on copepods showed that multiple stress 
factors, including food availability and an anthropogenic stress factor, act mainly 
additively.260 Under the assumption that the combined effect of multiple stressors is purely 
additive, the ratio of the rate of increase of the population under multiple stress conditions 
r(S)/r(0) can be related to multiple anthropogenic and other environmental stress factors 
according to 
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where the factors fL,i and fE,i represent age–independent population fractions which are 
unaffected by stressor i through survival and reproduction, respectively (see 
Text section S6.1 of the Supporting Information (SI) for the derivation of Equation 











6.2.2 Ecological parameters 
The rate of increase of the population under reference conditions r(0) and the lifetime 
fecundity R(0) were calculated using survival and reproduction rates for E. affinis reported 
by Devreker et al.249 (Table 6.1). Daily egg production rates of 26 – 38 eggs per female 
measured by Devreker et al.249 are among the highest published for E. affinis. In 
comparison, the maximum egg production rate in other studies ranged from 13 to 34 eggs 
per female per day.41,261,262 Therefore, an arithmetic mean egg production rate of 32 eggs 
per female per day, corresponding with a temperature of 14°C and a salinity of 5‰, was 
used for calculating the rate of increase of the population under reference conditions.249 Egg 
production rates were converted to female offspring per female using a 100% hatching 
success and a 1:1 sex ratio.249 The survival rates measured by Devreker249 under laboratory 
conditions with a temperature of 14°C and a salinity of 5‰ are among the highest reported 
for E. affinis.41,262 Based on these survival rates (Table 6.1), we applied linear interpolation 
to obtain daily survival rates. The survival fractions measured by Devreker et al.249 and the 
interpolated survival fractions are given in Figure S6.1 of the SI. Using Equation 6.2, we 
calculated a rate of increase of the population under reference conditions r(0) of 0.26, 
which is comparable with values ranging from 0.18 to 0.24, obtained at a temperature of 
18°C and a salinity of 8 – 10‰, as reported by others.248,263 For the carrying capacity N(∞), 
we used a value of 1.3 × 105 adults per m3, based on a total density of nauplii, copepodids, 
and adults of 3 million per m3 as reported for the Patuxent River estuary,253 which is among 
the highest densities published for E. affinis.  
Table 6.1 Ecological parameters for Eurytemora affinis under reference conditions. 
variable value 
l(a), survival rate (–)a 1 (age 0), 1 (age 15), 0.94 (age 16), 0.88 (age 43), 0.82 (age 
51), 0.76 (age 58), 0.71 (age 63), 0.65 (age 65), 0.59 (age 67), 
0.53 (age 82), 0.47 (age 83), 0.41 (age 105), 0.35 (age 106), 
0.29 (age 112), 0.24 (age 115), 0.18 (age 120), 0.12 (age 122), 
0.06 (age 123), 0 (age 125) 
m(a), reproduction rate (d–1)a 0 (age ≤ 15), 31.7 (age 16 ≤ 101), 0 (age ≥ 102) 
amax, maximum age (d)
a 125 
maturation age (d)a 16 
♀/♂, sex ratio (–)a 1 
r(0), rate of increase of the population in 
reference conditions (d–1)b 
0.26 
R(0), lifetime fecundity (–)b 1.1 × 103 
N(∞) carrying capacity (ind.· m–3)c 1.3 × 105 
aFrom Devreker et al.249 bCalculated from Devreker et al.249 cFrom Heinle and Flemer.253 
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 6.2.3 Stressor–response relationships 
General approach. Data were collected from previous studies investigating quantitative 
relationships between life history data of E. affinis and temperature, salinity, and food 
availability (chlorophyll a) (Table 6.2). In most of the studies, the combined effects of 
multiple natural factors were analyzed. To eliminate stressor interactions, we used for each 
natural stressor only response values measured in otherwise optimal conditions 
(temperature 5 – 15°C, salinity 5 – 15‰, and sufficient food). Reductions in adult survival 
in response to a particular stressor were observed after 30 to 40 days in laboratory 
studies.41,249,262 Therefore, the arithmetic mean adult survival after 30 and 40 days was used 
to determine the survival fraction as a function of a particular natural stressor. For 
reproduction, numbers of female adults produced by a female were used, assuming a 1:1 
sex ratio.249 Within each available laboratory study, we used the highest adult survival and 
the highest number of offspring as a reference value to determine the survival fraction fL 
and reproduction fraction fE, respectively. If applicable, laboratory results in duplicate were 
converted to a single observation by calculating the arithmetic mean. Equations relating fL 
and fE to each anthropogenic and natural stress factor were fitted by nonlinear least squares 
curve fitting.264 Subsequently, the equations derived were used for calculating a ratio of 
increase of the population r(Si)/r(0) as a function of each stress factor (Figure 6.1). 
Temperature. As most aquatic organisms are ectotherms, temperature is an important 
environmental factor controlling physiological processes.265 Following Gasparini et al.,255 a 
bell–shaped function was used to obtain values for the survival fraction fL and reproduction 
fraction fE as a function of temperature T (oC) by 
2
,
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 (6.6) 
where a characterizes the shape of the curve and To represents the optimal temperature for 
survival or reproduction reported by Devreker et al.41,249,266 
Salinity. Beyond optimal salinity levels, copepods experience osmotic stress.257,262 Roddie 
et al.257 reported a bell–shaped response of survival to salinity. Assuming a bell–shaped 
response of reproduction as well, we used a bell–shaped function from Gasparini et al.255 to 
obtain values for fL and fE as a function of salinity S (‰) by 
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 where a is the shape–fitting parameter and So represents the optimal salinity for survival or 
reproduction. The functions were fitted to laboratory data.41,249,262,266 
Food availability. Although E. affinis is known to be omnivorous, chlorophyll a is the most 
common measure of the food environment of copepods.267,268 Adult copepods can survive 
for long periods at low food levels and at low chlorophyll a levels.268 At low chlorophyll a 
levels, E. affinis adults can also switch to non–chlorophyll food, such as ciliates and 
detritus.269,270 For this life stage, the survival fraction fL as a function of chlorophyll a 
concentration was therefore set on 1. At low food concentrations, Ban261 observed a 
reduction in E. affinis egg production. Hence, following Bunker and Hirst,271 a Holling 
functional response was used to determine fE as a function of chlorophyll a concentration C 
(µg chl a·L–1) by 
( )KmCmCfE +⋅= max
 (6.9) 
where Km represents the chlorophyll a concentration needed to attain the half–saturation of 
mmax. Parameter mmax characterizes the maximum reproduction and was set at 1 because the 
maximum reproduction fraction fE is 1. Food concentrations were converted from algae 
cells to chlorophyll a.272 The equation was fitted to laboratory data.261  
Metal toxicity. Values for fL and fE as a function of sediment metal concentrations C 
(mg·kg–1 dry weight) were calculated by the log–logistic functions 
( )( )β15011 LCCfL +=
 (6.10) 
and 
( )( )β15011 ECCf E +=
 (6.11) 
where the lethal concentration LC50 and effect concentration EC50 represent 50% 
reductions of survival and reproduction, respectively.197 Parameter ß characterizes the slope 
of the concentration–response curve. Unfortunately, no sediment toxicity data for metals 
were available for E. affinis. Therefore, the functions were fitted based on toxicity data of 
other amphipod and harpacticoid copepod species exposed to cadmium (Cd), copper (Cu), 
and zinc (Zn) (Table 6.2), assuming that the sensitivity of E. affinis to metals exposure is 
comparable to the sensitivity of other amphipod and harpacticoid copepod species. The 
concentration–response slopes ß for metals usually range from 0.1 to 1.4.198,273 We 
calculated unusually gentle concentration–response slopes ß of 2, 2.7, and 1.8 for survival 
in relation to Cd, Cu, and Zn exposure, respectively. In general, unusual slope values can be 
attributed to unusual experimental conditions or to a lack of data.273 Rather than using 
unusually gentle slope values for survival, we therefore decided to use the concentration–
response slopes ß obtained for reproduction also for survival (Table 6.2). 
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 Table 6.2 Parameters values for stressor–response relationships based on previously published 
Eurytemora affinis data. 
stress factor variable value  
temperaturea aL, slope constant for survival (–) –1.6 × 10
–3 
 To,L, optimum temperature for survival (°C) 8.5 
 aE, slope constant for reproduction (–) –3.0 × 10
–2 
 To,E, optimum temperature for reproduction (°C) 13.9 
salinityb aL, slope constant for survival (–) –2.0 × 10
–3 
 So,L, optimum salinity for survival (‰) 8.0 
 aE, slope constant for reproduction (–) –2.2 × 10
–3 
 So,E, optimum salinity for reproduction (‰) 8.3 
chlorophyll ac mmax, maximum reproduction (–) 1.0 
 Km, half–saturation coefficient (µg chl a·L–1) 0.5 
Cdd LC50, lethal concentration (mg·kg–1 dry weight) 41.4 
 EC50, effect concentration (mg·kg–1 dry weight) 11.5 
 ß, slope constant (–) 0.9 
Cue LC50, lethal concentration (mg·kg–1 dry weight) 377.4 
 EC50, effect concentration (mg·kg–1 dry weight) 43.5 
 ß, slope constant (–) 0.9 
Znf LC50, lethal concentration (mg·kg–1 dry weight) 290.0 
 EC50, effect concentration (mg·kg–1 dry weight) 68.6 
 ß, slope constant (–) 0.9 
aCalculated from Devreker et al.41,249,266 bCalculated from Beyrend–Dur et al.262 and Devreker et al.41,249,266 
cCalculated from Ban.261 dBased on Amphiascus tenuiremis,274 Rhepoxynius abronius,275 and Schizopera 
knabeni.
276 eBased on Ampelisca abdita,277 A.tenuiremis,278 Corophium volutator,279 Eohaustorius 
estuaries,277 Hyale longicornis,280 Hyalella Azteca,281 Melita plumulosa,282 and Nitocra spinipes.283 fBased on 
A.tenuiremis,278 C. volutator,279 H. Azteca,281 and Quinquelaophonte sp.284 
 
 
Figure 6.1 Fraction surviving fL, fraction reproduction fE, and the ratio of increase of the population 
r(Si)/r(0) as a function of (A) temperature, (B) salinity, (C) chlorophyll a, (D) cadmium, (E) copper, and 
(F) zinc. The response curves for survival fL and reproduction fE were based on measured survival 
(crosses) and reproduction (circles) data collected from literature. The ratio of increase rate of the 




 6.2.4 Model application 
We applied our model to estimate E. affinis densities in the contaminated SE and the 
relatively uncontaminated DZE estuary and compared modeled with observed population 
densities. Model estimates were based on temperature, salinity, chlorophyll a, and sediment 
concentrations of Cd, Cu, and Zn measured from 2003 through 2006. For the contaminated 
SE, monthly observed population data of E. affinis and monthly measured values for 
salinity were obtained from a sampling site near the border between Belgium and The 
Netherlands, located 57.5 km upstream from the mouth at Vlissingen.244,254 Bi weekly 
values for temperature, chlorophyll a, and sediment concentrations of Cd, Cu, and Zn were 
taken from the same sampling site.285 For the relatively uncontaminated DZE, two and three 
weekly observed population data of E. affinis and daily measured values for temperature, 
salinity, and chlorophyll a concentration were collected from literature.39,286,287 Following 
Feike and Heerkloss,286 two and three weekly measured E. affinis densities (ind.·  L–1) were 
converted to monthly densities (ind.·  m–3). Monitoring data of contaminant concentrations 
in sediment measured in the DZE region were taken from ICES.288 Linear interpolation was 
applied to the environmental stressor data in order to obtain continuous data sets with a 
time step ∆t of 1 day. The arithmetic mean values, the range and number of measurements 
for the obtained field data are available in Table S6.1 of the SI. 
6.3 Results 
6.3.1 Model testing 
The maximum simulated densities in the SE of 6.5 × 102 adults per m3 in 2004 to 1.1 × 104 
adults per m3 in 2003 are comparable with the maximum observed densities of 2.3 × 103 
and 5.3 × 103 adults per m3 in 2004 and 2003, respectively (Figure 6.2A). In the DZE, the 
simulated E. affinis densities generally started increasing in April, leveled off close to the 
carrying capacity, and decreased when the temperature dropped in January (Figure 6.2B). 
In the DZE in particular, simulated densities were underestimated in spring and 
overestimated in summer and autumn. In winter, however, the simulated densities followed 
the lower observed densities. 
6.3.2 Impact of anthropogenic and natural stress factors 
The ratio r(S)/r(0) as a function of multiple stressors in the SE (Figure 6.2C) and the DZE 
(Figure 6.2D) closely followed the oscillation pattern of temperature. In general, the ratio 
was lower for the SE compared to the DZE, resulting in lower simulated E. affinis densities 
in the SE (Figure 6.2A and Figure 6.2B). The ratio r(Si)/r(0) as a function of temperature 
was close to 1 in spring and autumn for the SE and the DZE. In winter, this ratio was 
usually above zero for the SE, but in the DZE, the ratio dropped to –1 due to low 
temperatures. In summer, a clear increase in r(Si)/r(0) was observed in relation to 
increasing temperatures in both the SE and the DZE. Exposure concentrations of Zn ranged 
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 from 310 to 598 mg·kg–1 (dry weight) in the SE, yielding ratios r(Si)/r(0) from 0.6 to 0.5, 
respectively. In the DZE, the Zn concentration ranged from 144 to 207 mg·kg–1 (dry 
weight), resulting in ratios r(Si)/r(0) from 0.8 to 0.7, respectively. For Cu, the exposure 
concentrations ranged from 47 to 214 mg·kg–1 (dry weight) in the SE, yielding ratios 
r(Si)/r(0) from 0.8 to 0.7, respectively. In the DZE, the Cu concentration ranged from 17 to 
42 mg·kg–1 (dry weight), resulting in ratios r(Si)/r(0) from 1.0 to 0.9, respectively. For Cd, 
salinity, and chlorophyll a, the ratios were > 0.9, suggesting only small impacts on 
E. affinis populations in both the SE and the DZE. Environmental stressor data 
corresponding with the ratio of increase rates of the population r(Si)/r(0) are available in 
Figure S6.2 of the SI. 
 
Figure 6.2 Comparison of simulated and observed population densities N(t) in (A) the Scheldt 
estuary (SE)244,254 and (B) the Darß–Zingst estuary (DZE)39,286,287 from 2003 through 2006. Note the 
logarithmic scale of the y–axis. The ratio of increase rate of the population as a function of the six 
stress factors combined r(S)/r(0,t) and each single stress factor r(Si)/r(0,t) in (C) the SE and (D) the 
DZE. 
6.4 Discussion 
6.4.1 Stressor–response relationships 
The ratio of increase rates of the population r(S)/r(0) as a function of temperature and 
salinity can be compared with the population growth rate in an E. affinis modeling study by 
Strasser et al.248 Within the temperature and salinity ranges of 5 – 15°C and 4 – 12‰, 
Strasser et al.248 calculated that E. affinis populations from the Nanaimo estuary increased 
above the temperature–salinity plane from 10°C – 4‰ to 10°C – 8‰, whereas the 
population from the Seine estuary yielded a positive growth rate above the temperature–
salinity plane from 8°C – 4‰ to 11°C – 14‰.248 Within the same temperature and salinity 
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 range used by Strasser et al.,248 we calculated a population increase above the temperature–
salinity plane from 6°C – 4‰ to 6°C – 14‰. Hence, our results regarding population 
growth correspond with those reported for the Seine estuary. Due to the limited temperature 
and salinity range in Strasser et al.,248 we were not able to compare our ratios of increase 
rates at temperatures and salinities outside the range used by Strasser et al.248 Instead, we 
compared our survival and reproduction fractions, which we used to calculate the ratio of 
increase rates, with previously published survival and reproduction data. The calculated 
bell–shaped responses of reproduction and survival to temperature (Figure 6.1A) 
correspond well with independent observations. For instance, Ban261 observed higher 
survival rates of E. affinis at 15°C than at 20°C. According to Roddie,257 survival rates 
decline rapidly below 5°C and very poor survival was observed at 25°C. Our curve of 
reproduction in relation to temperature is also in line with observations by others, where 
nauplii did not reach maturity at temperatures below 5°C and egg production was reduced 
at temperatures higher than 15°C.247,255 For salinity, the reproduction and survival curves 
(Figure 6.1B) are also in line with independent observations. Lee et al.256 showed a 
reduction in survival at salinities below 5‰ for saline populations. According to Roddie 
et al.,257 survival rates decline rapidly below a salinity of 5‰ and survival was poor at 
salinity 20‰. Devreker et al.289 observed that adult survival was higher at salinity 0‰ 
compared to salinity 30‰ and that survival at salinity 35‰ was very low. The curve of 
reproduction in relation to salinity is in line with observations by Devreker et al.,289 where 
an increased mortality of subadults was observed at salinity levels from 15 to 25‰. For 
food availability, we used a Holling functional response between reproduction and 
chlorophyll a (Figure 6.1C). We calculated a half–saturation coefficient Km of 
0.5 µg chl a · L–1, which is comparable with the half–saturation coefficient of 
0.6 µg chl a · L–1 calculated by Bunker and Hirst271 based on several adult copepod species. 
6.4.2 Environmental impacts on copepod populations 
Natural stress factors. On the basis of laboratory data, we calculated negative ratios of 
increase rates of the population r(Si)/r(0) at temperatures lower than 5°C and higher than 
22°C (Figure 6.1A). These temperatures were regularly recorded in both the SE and the 
DZE, yielding large seasonal fluctuations in simulated E. affinis densities. Field studies 
confirm that temperature is an important factor shaping the distribution of E. affinis in the 
SE.244,254 For the DZE, however, field studies showed that E. affinis was more closely 
associated with other environmental factors, that are probably affected by temperature, such 
as pH, oxygen, and food quality.39,287 These latter environmental factors might explain why 
the model overestimated the population densities in summer and autumn for the DZE in 
particular. According to Ring et al.,290 the feeding rate of E. affinis is inhibited at pH > 9. In 
the DZE, the pH increased often to more than 9.5 in early summer, indicating that pH might 
be an important factor responsible for the lower E. affinis densities observed in the summer 
and autumn.39,286,287 In SE, the pH ranged from 6.7 to 8, suggesting that pH played no role 
at the sampling site in the SE.285 Field studies showed that oxygen is also an important 
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 environmental stress factor in the SE and the DZE.39,244,245 However, the oxygen 
concentrations at the sampling sites in the SE and in the DZE that we used in our study 
were well above the threshold oxygen concentrations for E. affinis to appear in large 
numbers, suggesting that oxygen played no major role in our study.244,245,285 Indicated by 
high C/N–ratios, the food quality in the DZE might be low in May and June,287 which may 
have caused the lower observed E. affinis densities. In contrast, E. affinis in the SE was not 
associated with food quality, as the ratio between chlorophyll a and particulate organic 
carbon was always above the limiting level for E. affinis’ optimal feeding on 
phytoplankton.255,291 The pH, oxygen concentration, and food quality were not included in 
our model due to the lack of quantitative stressor–response relationships for these stressors. 
Stressor–response relationships can be difficult to obtain when the effect of one particular 
stressor might depend on other stressors. Moreover, we assumed the combined effect of 
multiple stressors to be purely additive,260 which is a simplification. In reality, the effect of 
one particular stressor might depend on other stressors. For instance, the tolerance to low 
oxygen concentrations decreases at lower salinities and higher temperatures.292 However, 
quantitative information about potential synergistic or antagonistic interactions among the 
various stressors is, to our knowledge, very limited, which prevented us from incorporating 
these interactions in our current model. 
Overestimated population densities in summer and autumn as well as underestimated 
population densities in spring might also be explained by resting eggs, which are known to 
be produced by E. affinis to ensure population recruitment.293 According to Ban and 
Minoda,294 the production of resting eggs by E. affinis is induced at a density of 
5 × 105 ind·m–3, a low temperature (10°C) or a short–day photoperiod. In the DZE, 
densities of nauplii, copepodids, and adults combined, regularly exceeded 5 × 105 ind·m–3 
in late spring and/or in early summer,39 indicating that E. affinis was producing resting 
eggs. Resting eggs hatch after a certain refractory phase if the environmental conditions are 
more favorable in spring295 and will therefore probably result in higher densities in spring 
and lower densities in summer and autumn, thus explaining the differences between the 
simulated and observed population densities for the DZE in particular. Because the model 
simulations showed that temperature was the largest stress factor compared to the other 
natural stress factors, particularly in the DZE (Figure 6.2), we performed a sensitivity 
analysis on the parameters controlling the stressor–response relationship between 
reproduction or survival and temperature. The value of the slope of the curve aL or aE was 
set to an arbitrary –15, +15, and 0%, representing higher, lower and unchanged tolerance to 
temperature, respectively. The optimal temperature To,L or To,E was changed by an arbitrary 
–2, 2, and 0°C. This analysis revealed that the population density N(t) changed only slightly 
in response to changes in the temperature–related reproduction parameters and that it was 
insensitive to changes in the survival parameters (Figure S6.3 in the SI). We also examined 
the effect of a 0.5°C change in the water temperature measurements in the DZE and found 
this to result in only minor changes in the population density N(t) (SI, Figure S6.4). These 
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 findings indicate that the model fit can be improved for example by including additional 
stressors, stressor interactions, or resting eggs, rather than via changes in the temperature–
related parameters. 
Anthropogenic stress factors. Next to natural environmental factors, we included the impact 
of Cd, Cu, and Zn in sediment on copepod populations. Both the observed and the 
simulated copepod densities in the SE were lower compared to the densities in the DZE, 
which may result from the higher sediment concentrations of Zn and Cu in the SE (Figure 
6.2). Few comparisons have been made of copepod populations between contaminated and 
uncontaminated estuaries. One notable exception is Van Damme et al.22 who observed 
remarkably lower densities of harpacticoids in the contaminated Western Scheldt estuary 
compared to densities in the uncontaminated Eems–Dollard estuary and attributed this to 
metal pollution. Sediment concentrations of other substances, in particular atrazine, 
fluoranthene, lead, mercury, nickel, and phenanthrene measured in the SE and the DZE 
from 2003 through 2006 were well below the lethal concentrations for copepods.276–278,288 
This suggests that the impacts of these substances on E. affinis populations were limited in 
both the SE and the DZE. Nevertheless, the potential impacts of other substances that were 
not measured in the field or that were untested in bioassays remain unknown. 
The estimated EC50s and LC50s for Cd, Cu, and Zn are considered to be indicative because 
the values are based on toxicity tests with other amphipod and harpacticoid copepods. 
Moreover, the toxicity of sediment metal contamination to benthic copepods depends on the 
bioavailability of metals in the sediment, which is controlled by the metal binding with 
particulate sulfide, total organic carbon (TOC), and other metal–binding phases in the 
sediments.296–298 Binding of metals to sulfide occurs mainly in anaerobic sediments and 
might therefore be less important in this study as copepods are mainly found in aerobic 
sediments.299 In aerobic environments, metal sulfides are expected to be oxidized and other 
factors such as TOC, manganese (Mn), and iron (Fe) oxides can regulate the bioavailability 
of metals.278,300 The TOC fraction in the SE ranged from 2.9 to 4.9% and in the DZE from 
5.5 to 6.6%.285,288 These TOC fractions are comparable with the TOC fraction measured in 
the laboratory experiments for Cd (3.7 to 3.8%), Cu (< 0.1 to 10.7%), and Zn (1 to 
2.8%).274–284 Unfortunately, Mn, Fe, and other minerals are rarely measured in bioassay 
studies. Other factors that can control the bioavailability of metals are the organism 
physiology and behavior.296 The amphipod and harpacticoid copepods used in the 
laboratory experiments have approximately the same size (between micro fauna and macro 
fauna), burrow irrigation (predominantly benthic–dwelling), and feeding selectivity (such 
as phytoplankton, ciliates, and detritus) as E. affinis.267,268,278,299,301 Considering the 
similarities in the TOC fractions used in the laboratory studies and measured in the field, as 
well as the similarities in physiology and feeding behavior between the test organisms and 
E. affinis, we expect that the bioavailability of metals in the SE and the DZE is comparable 
with the bioavailability in the laboratory studies that we used to quantify metal impacts on 
reproduction and survival. Yet, according to Ward et al.,302 copepods may show avoidance 
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 behavior toward contaminated sediments, indicating that actual exposure might be lower 
than expected based on spatially averaged sediment contaminant concentrations. Avoidance 
behavior could not be included in the model, because fine–grained information regarding 
the heterogeneity of the sediment contaminant concentrations was unavailable for the SE 
and the DZE. This implies that the model might overestimate the impact of sediment 
contamination. 
6.5 Implications 
In the present study, we simulated the combined impact of anthropogenic (Cd, Cu, and Zn) 
and natural (temperature, salinity, and food availability) stress factors on estuarine 
population densities of the calanoid copepod E. affinis. The model provides a consistent 
framework for integrating and quantifying the impacts of multiple anthropogenic and 
natural stress factors on copepod populations. It facilitates the extrapolation of individual–
level stressor–response relationships from laboratory experiments to ecologically relevant 
endpoints pertaining to population viability. Further improvements of the model could be 
made by integrating resting eggs in the model and by including other relevant stressors, in 
particular pH and food quality, provided that adequate stressor–response relationships are 
available. Similarly, depending on the availability of quantitative data regarding stressor 
interactions, our model framework has the potential to incorporate synergistic or 
antagonistic responses to multiple stress factors. 
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 7.1 Introduction 
Organisms in estuaries are potentially exposed to multiple toxic and non–toxic stressors. 
Quantifying the effects of multiple stressors on population–relevant endpoints is a major 
challenge in ecological risk assessment. The central aim of this thesis was to quantify the 
effects of multiple toxic and non–toxic stressors on biota in estuaries, with a focus on 
population–relevant endpoints. By selecting, discussing, and comparing results from the 
preceding chapters, the present chapter addresses the central aim of this thesis. More 
specifically, the relative and combined impacts of toxic and non–toxic stressors are 
discussed, based on the field data and population modeling results obtained for copepods 
(Eurytemora affinis) and white–tailed eagles (Haliaeetus albicilla) and the chemical risk 
assessment for birds and mammals feeding on estuarine fish. The chapter concludes by 
providing implications and recommendations relevant for ecological risk assessment. 
7.2 Relative and combined impacts of toxic and non–toxic 
stressors 
Assessing the relative and combined impacts of multiple stressors on populations and 
communities is an important step in environmental management, as it helps to set priorities 
for conservation and restoration.5,32,33,303 The modeling approach developed in this thesis 
(Chapter 5 and Chapter 6) can be used to quantify the relative impacts of different stressors 
based on a common and population–relevant endpoint, i.e., the ratio of the rate of increase 
of the population in impacted versus reference conditions (dimensionless). This ratio ranges 
from –∞ to 1, with a value of 1 indicating a population growth rate that is comparable to the 
population growth rate under reference conditions and a negative increase ratio indicating a 
decreasing population size.197 
For copepods, the impact of toxic stress was larger in the Scheldt estuary (increase ratio 
from 0.5 to 0.6 for zinc and 0.7 to 0.8 for copper) compared to the Darß–Zingst estuary 
(increase ratio from 0.7 to 0.8 for zinc and ≥ 0.9 for copper; Chapter 6). The impact of 
temperature resulted in an increase ratio close to 1 in spring and autumn for both estuaries. 
In winter, this ratio was usually above zero for the Scheldt estuary, but in the Darß–Zingst 
estuary, the ratio dropped to –1. In summer, a clear increase in r(Si)/r(0) was observed in 
relation to increasing temperatures in both estuaries. Thus, the impact of non–toxic 
stressors on copepods, notably temperature, was generally larger than the impact of toxic 
stressors, particularly in winter. 
For white–tailed eagles in The Netherlands, the impact of toxic stress (mainly caused by 
ΣPCB) yielded an increase ratio below 0 from 1950 till 1987 (Chapter 5). From 1988 
onwards, the exposure concentrations of ΣPCB decreased and the ratio of increase rate of 
the population increased to 0.7 and 0.9. Impacts of non–toxic stressors on white–tailed 
eagles were quantified as 1.6% reduction in survival with 10 or 50% reduction in 
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 reproduction due to disturbance stress. This corresponded with a ratio of increase rate of the 
population from 0.9 to 1.0 for 10% reduction in reproduction and from 0.2 to 0.7 for 50% 
reduction in reproduction. The combined effect of toxic and disturbance stress varied from 
a slower population development to a catastrophical reduction in population size, where the 
main cause was attributed to the reduction in reproduction of 50% due to disturbance stress. 
Thus, the population modeling studies indicated limited impacts of toxic stressors on 
estuarine copepods and on white–tailed eagles in The Netherlands. Moreover, for birds and 
mammals in general, the combined effect of 19 substances in 10 Northwestern European 
estuaries and coastal areas was low (ecological risks and multi–substance potentially 
affected fractions of species were below 2.6 × 10–2). However, there are several reasons 
why the calculated impacts of toxic stressors may have been underestimated. First, 
substances measured in monitoring programs for which insufficient toxicity data were 
available were not included in the risk assessment, such as polybrominated diphenyl ethers 
and arsenic. Second, recent field studies have shown high or increasing concentrations of a 
range of substances of concern in estuarine–marine environments, including tributyltin, 
toxaphene, nonyl– and octylphenol, phthalate esters, perfluorochemicals, and 
pharmaceuticals.148 These substances are often not measured in monitoring programs and 
were therefore not included in the risk assessments. Third, in the population modeling 
(Chapter 5 and Chapter 6), the stressors were assumed to act independently (response 
multiplication). However, several studies showed increasing toxicity of substances at 
increasing temperatures, indicating that impacts of chemicals might be enhanced due to 
synergistic interactions with other stressors.304,305 
The impacts of non–toxic stressors may have been underestimated as well. For copepods, 
only temperature, salinity, and food availability were included in the risk assessment 
(Chapter 6), whereas sediment size, organic matter content, tidal reach, pH, species 
interactions, food quality, and oxygen concentration are also important factors responsible 
for the distribution of copepods (Chapter 2). However, these factors could not be included 
in the risk assessment, because there were no quantitative data available to establish 
stressor–response relationships. Whether the 1.6% reduction in survival or the 10 or 50% 
reduction in reproduction of white–tailed eagles underestimate or overestimate the actual 
impact is unknown, because quantitative data on non–toxic stressor impacts on sea eagles 
are strongly limited (Chapter 5). 
7.3 Implications and recommendations for ecological risk 
assessment 
7.3.1 Accumulation data for new and untested substances 
Accumulation data are extensively used in the exposure assessment phase of ecological risk 
assessment. Currently, empirical biomagnification factors (BMF) are preferred by the 
Chapter 7
90
 European Commission Technical Guidance Document (TGD).48 If empirical data are not 
available, default BMF values are recommended.48 However, for risk assessment of marine 
food chains with three or more trophic levels, the TGD suggests a refined method for the 
selection of BMF values by employing accumulation models. The Optimal Modeling for 
Ecotoxicological Assessment (OMEGA) accumulation model,24 which was used to estimate 
the accumulation behavior of nonylphenol (NP) and nonylphenol ethoxylates (NPEOs) in 
estuarine–marine food chains (Chapter 3), can be used if empirical BMF data is 
unavailable. 
7.3.2 Improving bioaccumulation modeling by including metabolite formation 
The OMEGA accumulation model24 was used to assess the accumulation behavior of NP 
and NPEOs (Chapter 3). The accumulation estimates that accounted for biotransformation 
of NPEOs into NP were closer to the field data than the accumulation estimates that did not 
include biotransformation, indicating that NP formation by biotransformation of NPEOs 
might occur in organisms. This example suggests that the performance of the OMEGA 
model might be improved by including metabolite formation by biotransformation of parent 
compounds. Biotransformation rate constants can be measured in controlled laboratory 
studies or obtained with predictive methods, such as quantitative structure–activity 
relationships (QSARs) and mechanistic mass balance models.113,306–309 
7.3.3 New approaches to derive SSDs 
SSDs are generally based on a limited number of species tested in laboratory exposure 
experiments. To perform laboratory experiment for all possible combinations of stressors 
and species in the field is not feasible because of practical, financial, and ethical 
constraints.26 Recently, various studies showed than field monitoring data can provide a 
valuable additional source of information to derive SSDs.310–312 Field–based SSDs (f–SSDs) 
are expected to be ecologically more relevant than laboratory–based SSDs, because f–SSDs 
include the actual species pool and relevant environmental stressors of a particular 
area.311,313 However, field monitoring data might be confounded by environmental factors 
other than the stressor of concern, which implies that it is not straightforward to reveal 
causal stressor–response relationships from field data.312 Moreover, f–SSDs cannot be 
derived for stressors that are not (yet) present in the field, such as new chemicals.311 In 
these cases, indicative SSDs can be obtained from analyses on existing stressor–response 
relationships. For example, based on the Mode of Action (MoA) of chemicals, MoA–
specific SSDs for aquatic species, birds, and mammals were obtained from existing toxicity 
data (Chapter 6).26,314 If a new chemical is suspected to act according to a certain MoA, the 




 7.3.4 Accounting for synergistic and antagonistic interactions among stressors 
in population models  
The population modeling framework (Chapter 5 and Chapter 6) assumed independent 
effects of multiple stressors (response multiplication). In reality, the effects of one 
particular stressor might be enhanced (synergism) or reduced (antagonism) by the presence 
of another stressor.260,315 For example, several studies showed increasing toxicity of 
substances at increasing temperatures.304,305 Quantitative information about potential 
synergistic or antagonistic interactions among various stressors is currently limited. Yet, the 
model framework could be extended to explore possible effects of synergistic or 




 Supporting information 
Text section S3.1 OMEGA uptake and elimination equations. 






























where ρH2O,0 represents the water layer diffusion resistance (d·kg–k), m the weight of the 
particular trophic level (kg), and K the rate exponent (–). The term ρCH2,i/Kow represents the 
lipid layer resistance with ρCH2,i as the lipid layer permeation resistance (d·kg–k) and Kow as 
the octanol–water partition ratio (dimensionless). The term kw represents the rate constant 
for water absorption–excretion (L·kg–1·d–1). The uptake rate constant for assimilation from 


















































where the first term on the left hand side of the equation reflects the assimilation efficiency 
with parameter ρa as the fraction of ingested food assimilated (kg·kg–1). The second part 
describes the affinity of chemicals for water and lipid compartments of the food, with 
parameter fCH2,i–1 as the lipid fraction in food (kg lipid weight·kg wet weight–1). The third 
term of the equation represents the resistance in water and lipid layers and the delay in the 
flux of the feces. Parameter ρH2O,i–1 (d·kg–k) and ρCH2,2 (d·kg–k) represents the resistance 
factors and kn the rate constant of food ingestion (kg·kg–1·d–1). The total elimination rate 
constant Σkj,out (d–1) is the sum of three rate constants for minimum elimination via 
excretion with water (Equation S3.3), egestion with feces (Equation S3.4), and dilution by 

































































κγ −⋅⋅= mqk toutx 2,,2
 (S3.5) 
where the first term in Equation S3.3 and Equation S3.4 descripts the release of 
contaminates from water and lipid compartments by excretion and elimination as a function 
of the organism lipid fraction fCH2,i (kg lipid weight·kg wet weight–1) and Kow. The second 
terms in Equation S3.3 for excretion and Equation S3.4 for egestion were similar to those in 
Equation S3.1 for absorption and Equation S3.2 for assimilation, respectively. Parameter γ2 
and
 
qt in Equation S3.5 represents the biomass (re)production coefficient (kgk·d–1) and the 
temperature correction factor (kg·kg–1), respectively. Rate constant k (–) and the species 
mass m (kg) were descripted above. The rate constant for water absorption–excretion kw 
(L·kg–1·d–1) was calculated as24 
κγ −⋅= mkw 0
 (S3.6) 









with ρa as the assimilation efficiency (–). The rate constant of production kp (kg·kg–1·d–1) 
was calculated as316 
κγ −⋅⋅= mqk ptp
 (S3.8) 
with qt as the temperature correction factor (kg·kg–1) and γp as the scaling coefficient for 

















 Text section S3.2 Estimating accumulation including biotransformation of NP as well as 
NPEOs. 
The concentration of NP in an organism Ci,NP is considered to be a function of the NP 
concentration in water C0,w,NP, and for animals, in food Ci–1,NP with adjacent rate constants 
for absorption from water k0,NP,in, for assimilation from food k1,NP,in, and for elimination via 
water (k0,NP,out), feces (k1,NP,out), growth dilution (k2,NP,out), and biotransformation (k3,NP,out) 









where Ci,NP represents the concentration in organism (µg·kg–1 wet weight), k0,NP,in the rate 
constant for uptake via absorption (µg·L–1/µg·kg–1 wet weight·d–1), C0w,NP the dissolved 
concentration in water (µg·L–1), k1,NP,in the rate constant for uptake via assimilation (µg·kg–1 
wet weight/µg·kg–1·d–1), Ci–1,NP the concentration in food (µg·kg–1 wet weight), k0,NP,out the 
rate constant for elimination via water (d–1), k1,NP,out the rate constant for elimination via 
feces (d–1), k2,NP,out the rate constant for growth dilution (d–1), and k3,NP,out the rate constant 
for elimination via biotransformation (d–1). Mass–balance models are often applied in 
















Following Equation S3.10 and Equation S3.11, the concentration of NPEOs in an organism 

































Under the assumptions that organisms produce NP by biotransformation of NPEOs, that the 
biotransformation rates for NPEOs were similar to those for NP, and that NP produced by 
biotransformation of NPEOs was eliminated from the organisms according to the 
elimination rate constants for NP, the biotransformed NPEOs residue can be added to the 
NP uptake of an organism. Biotransformation of NPEOs residues can then be implemented 

















The steady–state NP concentration including biotransformation of NP as well as NPEOs
 
















In OMEGA, residues of substances in species were calculated from the concentration in 
sediment. The residues of NP and NPEOs in species were calculated independently 
according to Equation S3.11 and Equation S3.13, respectively. However, the NPEOs 
residue in species was included in the accumulation calculation of NP (Equation S3.15). So, 
the amount of NP produced by biotransformation of NPEOs depends on the concentration 
of NPEOs. Field studies used in the present study showed that the total NPEOs 
concentration in sediment was lower compared to the NP concentration. The NP/total 
NPEOs fraction ranged from 0.44 to 1.45 in the Western Scheldt estuary, Bohai Bay, and 
coastal/estuarine and rivers in The Netherlands.317–320 Based on these field studies, we 
calculated geometrically mean NP/total NPEOs ratio of 0.75 and used this in OMEGA to 
decrease the sediment concentration of total NPEOs compared to NP. We also assessed the 
influence of the NP/total NPEOs ratio on the accumulation of NP by setting the NP/total 
NPEOs ratio to an arbitrary 0.25 and 1.50. This analysis revealed that the estimated 
accumulation factors changed only slightly in response to changes in NP/total NPEOs ratio, 





 Table S3.1 Parameters and variables used for estimating rate constants and accumulation factors 
with the OMEGA bioaccumulation model. Data on a wet weight basis unless indicated. 
symbol description unit value  reference 
γ0 water absorption–excretion coefficient kg
k·d–1 0.2 (air–breathing) 
200 (water breathing) 
126,321 
γ2 biomass (re)production coefficient kg
k·d–1 0.0006 (i ≥ 1) 321 
γp scaling coefficient for production kg
k·d–1 7.5·10–5 316 
ρa assimilation efficiency – 0.2
a, 1b, 0.8c  316 
ρp production efficiency – 0.5
a,b, 0.25f, 0.1g, 0.02h 316 
K rate exponent – 0.25 321,322 
fCH2,i lipid fraction of organism (i) or food kg lipid weight· 
kg wet weight–1 
0.03·m0.04 24 
qt temperature correction factor kg·kg
–1 1 (cold–blooded) 
10 (warm–blooded) 
321 
ρH2O,0 water layer resistance from/to water d·kg
–k 2.8 × 10–3 24 
ρH2O,food water layer resistance from/to food d·kg
–k 1.1 × 10–5 24 
Kow octanol–water partition coefficient – log Kow = 4.5 (NP), 
log Kow = 4.2 (NPEO1) 
log Kow = 4.2 (NPEO2) 
log Kow = 3.7 (NPEO3–16) 
110,323,324 
Koc organic–carbon partition coefficient L·kg
–1 organic carbon log Koc = 5.2 (NP)
i 
log Koc = 5.5 (NPEO1)
j 
log Koc = 5.7 (NPEO2)
k 
log Koc = 3.8 (NPEO3–16)
l 
325–331 
ρCH2,i lipid layer permeation resistance d·kg
–k 4.6 × 103 (i = 1), 68 (i ≥ 2) 24 
x substance    
m species weight kg 1.0 × 10–12 (i = 1) 
1.0 × 10–8 (i = 2) 
1.0 × 10–4 (i = 3) 
5.0 × 10–1 (i = 3.5) 
1.0 × 100 (i = 4) 
24 
aAquatic plants. bTerrestrial plants. cDetritivores. dHerbivores. eCarnivores. fInvertebrates. gCold–blooded 
vertebrates. hWarm–blooded vertebrates. iGeometric mean based on log Koc = 3.6,
325 log Koc = 5.4,
326 
log Koc = 5.1,
327 log Koc = 5.1,
328 log Koc = 5.2,
329 log Koc = 6.3,
330 and log Koc = 5.9.
331 jGeometric mean based 
on log Koc = 5.5
326 and log Koc = 5.6.
331 kGeometric mean based on log Koc = 5.2
326 and log Koc = 6.4.
331 
lGeometric mean based on log Koc = 4.1 (NPEO3), log Koc = 3.9 (NPEO4), log Koc = 3.8 (NPEO5), log Koc = 3.8 
(NPEO6), log Koc = 3.7 (NPEO7), log Koc = 3.7 (NPEO8), log Koc = 3.6 (NPEO9), log Koc = 3.6 (NPEO10), 
log Koc = 3.7 (NPEO11), log Koc = 3.7 (NPEO12), log Koc = 3.8 (NPEO13), log Koc = 3.9 (NPEO14), log Koc = 4.0 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 Table S3.6 Estimated bioconcentration factors (BCF; µg·kg–1 wet weight/µg·L–1) and empirical rate 
constants for absorption k0,x,in (µg·kg
–1 wet weight/µg·L–1·d–1), assimilation k1,x,in (µg·kg
–1 wet 
weight/µg·kg–1·d–1), and elimination Σk0–2,x,out (sum of excretion, egestion, and growth dilution; d
–1) 
for each trophic level.  
substance i BCF k0,x,in k1,x,in Σk0–2,x,out 
NP 1 3.0 × 102 9.9 × 104 na 3.3 × 102 
NP 2 4.3 × 102 9.9 × 103 2.8× 10–2 2.3 × 101 
NP 3 6.3 × 102 9.9 × 102 7.3× 10–3 1.6 × 100 
NP 3.5 8.8 × 102 1.2 × 102 8.7× 10–4 1.3 × 10–1 
NP 4 1.3 × 101 2.0 × 10–1 3.7× 10–2 1.5 × 10–2 
NPEO1 1 1.5 × 10
2 8.1 × 104 na 5.5 × 102 
NPEO1 2 2.1 × 10
2 8.1 × 103 2.8× 10–2 3.8 × 101 
NPEO1 3 3.1 × 10
2 8.1 × 102 7.3× 10–3 2.6 × 100 
NPEO1 3.5 4.3 × 10
2 9.6 × 101 8.7× 10–4 2.2 × 10–1 
NPEO1 4 1.3 × 10
1 2.0 × 10–1 3.7× 10–2 1.5 × 10–2 
NPEO2 1 1.6 × 10
2 8.3 × 104 na 5.1 × 102 
NPEO2 2 2.3 × 10
2 8.3 × 103 2.8× 10–2 3.6 × 101 
NPEO2 3 3.4 × 10
2 8.3 × 102 7.3× 10–3 2.5 × 100 
NPEO2 3.5 4.7 × 10
2 9.9 × 101 8.7× 10–4 2.1 × 10–1 
NPEO2 4 1.3 × 10
1 2.0 × 10–1 3.7× 10–2 1.5 × 10–2 
NPEO3–16 1 5.5 × 10
1 4.9 × 104 na 9.0 × 102 
NPEO3–16 2 7.9 × 10
1 4.9 × 103 2.8× 10–2 6.2 × 101 
NPEO3–16 3 1.1 × 10
2 4.9 × 102 7.3× 10–3 4.3 × 100 
NPEO3–16 3.5 1.6 × 10
2 5.8 × 101 8.7× 10–4 3.7 × 10–1 
NPEO3–16 4 1.2 × 10
1 2.0 × 10–1 3.7× 10–2 1.6 × 10–2 






Figure S3.1 Biota–sediment accumulation factors (BSAF; lipid weight·carbon weight–1) and 
biomagnification factors (BMF; lipid weight·lipid weight–1) modeled with and without 
biotransformation rate k3,x,out (d
–1) of (A) NPEO1, (B) NPEO2, and (C) NPEO3–16 compared to 
geometric mean field–based values (closed circles). Parameter E represents the coefficient of 
efficiency. Spear–style box plots show the distribution of the values obtained from field studies. End 
whiskers show the minimum and maximum values. The number on top of each box plot is the 
number of data pairs for that trophic level. When the number of data pairs was small (n < 5), the box 





Figure S3.2 Biota–sediment accumulation factors (BSAF; lipid weight·carbon weight–1) modeled with 
and without biotransformation rate k3,x,out (d
–1) of (A) NP, (B) total NPEOs, (C) NPEO1, (D) NPEO2, and 
(E) NPEO3–16 using Kow–based Koc–values (Equation 3.2), compared to geometric mean field–based 
BSAF and BMF values (closed circles). Parameter E represents the coefficient of efficiency. Spear–
style box plots show the distribution of the values obtained from field studies. The number on top of 
each box plot is the number of data pairs for that trophic level. When the number of data pairs was 





Figure S3.3 Biota–sediment accumulation factors (BSAF; lipid weight·carbon weight–1) and 
biomagnification factors (BMF; lipid weight·lipid weight–1) modeled with twice the 
biotransformation rate constant (2 × k3,x,out) compared to geometric mean field–based values (closed 
circles). Parameter E represents the coefficient of efficiency. Spear–style box plots show the 
distribution of the values obtained from field studies. End whiskers show the minimum and 
maximum values. The number on top of each box plot is the number of data pairs for that trophic 
level. When the number of data pairs was small (n < 5), the box plots were replaced by the individual 






Figure S3.4 Biota–sediment accumulation factors (BSAF; lipid weight·carbon weight–1) and 
biomagnification factors (BMF; lipid weight·lipid weight–1) modeled with and without 
biotransformation rate k3,x,out (d
–1) of (A) NP, (B) total NPEOs, (C) NPEO1, (D) NPEO2, and (E) NPEO3–16 
Supporting information
115
 compared to geometric mean field–based values with the non–detects set at 1 (closed circles). 
Parameter E represents the coefficient of efficiency. Spear–style box plots show the distribution of 
the values obtained from field studies. End whiskers show the minimum and maximum values. The 
number on top of each box plot is the number of data pairs for that trophic level. When the number 





Figure S3.5 Biota–sediment accumulation factors (BSAF; lipid weight·carbon weight–1) and 
biomagnification factors (BMF; lipid weight·lipid weight–1) modeled with and without 
biotransformation rate k3,x,out (d
–1) of (A) NP, (B) total NPEOs, (C) NPEO1, (D) NPEO2, and (E) NPEO3–16 
Supporting information
117
 compared to geometric mean field–based values with the non–detects set at zero (closed circles). 
Parameter E represents the coefficient of efficiency. Spear–style box plots show the distribution of 
the values obtained from field studies. End whiskers show the minimum and maximum values. The 
number on top of each box plot is the number of data pairs for that trophic level. When the number 




Figure S3.6 Biota–sediment accumulation factors (BSAF; lipid weight·carbon weight–1) and 
biomagnification factors (BMF; lipid weight·lipid weight–1) modeled with biotransformation of NP 
and NP produced by biotransformation of NPEOs using a NP/ total NPEOs ratio in sediment of 0.25, 
0.75, and 1.50. The model estimates are compared to geometric mean field–based values (closed 
circles). Parameter E represents the coefficient of efficiency. Spear–style box plots show the 
distribution of the values obtained from field studies. End whiskers show the minimum and 
maximum values. The number on top of each box plot is the number of data pairs for that trophic 
level. When the number of data pairs was small (n < 5), the box plots were replaced by the individual 




 Table S4.1 Collected NOECs with concentration in mg·kg–1 (wet weight in food) and the exposure 
(exp.) duration in days (unless indicated otherwise). CAS represents the CAS registry number of each 
substance. A Mode of Action (MoA) was assigined assigned to each substance using the “Assessment 
Tools for Evaluation of Risk” (ASTER) and pesticide manuals, following the classification used in 
Hendriks et al.26,140 The term "no MoA" indicates that no MoA was assigned to the particular 
substance. 
CAS MoA species endpoint concentration  exp. duration source 
50293 neurotoxic A Colinus virginianus growth 2.50 × 101 56 152  
50293 neurotoxic A Colinus virginianus growth 5.00 × 101 122 152  
50293 neurotoxic A Gallus domesticus growth 1.22 × 102 84 152  
50293 neurotoxic A Macaca mulatta growth 2.00 × 102 2738 349  
50293 neurotoxic A Rattus norvegicus growth 2.00 × 102 42 152  
50293 neurotoxic A Rattus norvegicus growth 1.00 × 103 77 152  
50293 neurotoxic A Rattus norvegicus growth 5.00 × 102 46 152  
50293 neurotoxic A Canis domesticus survival 4.00 × 102 1460 349  
50293 neurotoxic A Coturnix japonica survival 1.00 × 102 119 350  
50293 neurotoxic A Gallus domesticus survival 5.00 × 101 196 152  
50293 neurotoxic A Gallus domesticus survival 3.00 × 102 84 152  
50293 neurotoxic A Macaca mulatta survival 2.00 × 102 2738 349  
50293 neurotoxic A Microtus pennsylvanicus survival 1.00 × 103 31 349  
50293 neurotoxic A Mus musculus survival 7.00 × 100 120 152  
50293 neurotoxic A Rattus norvegicus survival 2.00 × 102 42 152  
50293 neurotoxic A Anas platyrhynchos reproduction 3.30 × 100 730 349  
50293 neurotoxic A Coturnix japonica reproduction 2.00 × 102 60 350  
50293 neurotoxic A Coturnix japonica reproduction 1.00 × 101 84 349  
50293 neurotoxic A Gallus domesticus reproduction 1.00 × 101 70 152  
50293 neurotoxic A Gallus domesticus reproduction 5.00 × 101 196 152  
50293 neurotoxic A Gallus domesticus reproduction 3.00 × 102 84 152  
50293 neurotoxic A Gallus domesticus reproduction 7.50 × 100 61 349  
50293 neurotoxic A Mus musculus reproduction 3.00 × 102 50 152  
50293 neurotoxic A Mus musculus reproduction 7.00 × 100 120 152  
50293 neurotoxic A Mus musculus reproduction 2.50 × 101 6 generations 349  
50293 neurotoxic A Rattus norvegicus reproduction 5.00 × 102 86 152  
50293 neurotoxic A Rattus norvegicus reproduction 2.00 × 101 213 349  
51036 no MoA Anas platyrhynchos growth 3.00 × 102 154 152  
51036 no MoA Colinus virginianus growth 3.00 × 102 168 152  
56359 respirotoxic A Coturnix japonica growth 1.50 × 102 42 152  
56359 respirotoxic A Coturnix japonica growth 3.75 × 102 35 152  
56359 respirotoxic A Coturnix japonica growth 1.50 × 102 42 152  
56359 respirotoxic A Rattus norvegicus growth 5.00 × 101 35 152  
56359 respirotoxic A Rattus norvegicus growth 2.00 × 101 42 152  
56359 respirotoxic A Rattus norvegicus growth 8.00 × 101 42 152  
56359 respirotoxic A Rattus norvegicus growth 6.00 × 100 182 152  
56359 respirotoxic A Rattus norvegicus growth 2.00 × 101 91 152  
56359 respirotoxic A Rattus norvegicus growth 5.00 × 100 730 152  
56359 respirotoxic A Rattus norvegicus growth 5.00 × 101 152 152  
56359 respirotoxic A Rattus norvegicus growth 5.00 × 100 581 152  
56359 respirotoxic A Coturnix japonica survival 1.50 × 102 35 152  
56359 respirotoxic A Coturnix japonica survival 2.40 × 101 42 152  
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56359 respirotoxic A Rattus norvegicus survival 5.00 × 100 742 152  
56382 neurotoxic C Anas platyrhynchos reproduction 2.85 × 100 133 152  
56382 neurotoxic C Anas platyrhynchos reproduction 1.00 × 101 84 152  
56382 neurotoxic C Colinus virginianus reproduction 8.00 × 100 140 152  
56724 neurotoxic C Mus musculus survival 2.00 × 101 721 152  
56724 neurotoxic C Rattus norvegicus survival 2.00 × 101 721 152  
57067 no MoA Mus musculus growth 2.50 × 101 721 152  
57067 no MoA Rattus norvegicus growth 2.50 × 101 721 152  
57249 neurotoxic A Anas platyrhynchos growth 3.32 × 101 161 152  
57249 neurotoxic A Anas platyrhynchos growth 6.89 × 101 140 152  
57249 neurotoxic A Anas platyrhynchos growth 3.32 × 101 161 152  
57249 neurotoxic A Colinus virginianus growth 1.11 × 103 154 152  
57249 neurotoxic A Anas platyrhynchos survival 6.89 × 101 154 152  
57249 neurotoxic A Colinus virginianus survival 1.11 × 103 154 152  
57249 neurotoxic A Anas platyrhynchos reproduction 6.89 × 101 140 152  
57249 neurotoxic A Colinus virginianus reproduction 1.11 × 103 154 152  
57249 neurotoxic A Colinus virginianus reproduction 1.20 × 103 154 152  
57625 no MoA Bos taurus growth 2.20 × 101 98 152  
57625 no MoA Gallus domesticus growth 5.50 × 102 42 152  
57625 no MoA Gallus domesticus growth 2.00 × 102 48 152  
57625 no MoA Ovis aries growth 5.50 × 101 77 152  
57625 no MoA Sus sp. growth 5.50 × 100 147 152  
58855 no MoA Neovison vison growth 4.31 × 10–1 132 152  
58855 no MoA Sus scrofa growth 8.00 × 102 35 152  
58899 neurotoxic B Colinus virginianus survival 8.00 × 101 154 152  
58899 neurotoxic B Rattus norvegicus survival 5.00 × 101 90 61 
58899 neurotoxic B Rattus norvegicus survival 4.00 × 102 730 61 
58899 neurotoxic B Anas platyrhynchos reproduction 1.50 × 101 154 152  
58899 neurotoxic B Colinus virginianus reproduction 8.00 × 101 154 152  
58899 neurotoxic B Gallus domesticus reproduction 1.00 × 101 70 152  
60515 neurotoxic C Colinus virginianus growth 4.00 × 100 154 152  
60515 neurotoxic C Coturnix japonica growth 7.00 × 101 42 152  
60515 neurotoxic C Rattus norvegicus growth 1.41 × 101 49 152  
60515 neurotoxic C Rattus norvegicus growth 2.00 × 100 90 152  
60515 neurotoxic C Rattus norvegicus growth 8.00 × 100 90 152  
60515 neurotoxic C Anas platyrhynchos survival 3.54 × 101 154 152  
60515 neurotoxic C Coturnix japonica survival 7.00 × 101 42 152  
60515 neurotoxic C Anas platyrhynchos reproduction 3.54 × 101 154 152  
60515 neurotoxic C Colinus virginianus reproduction 6.00 × 100 133 152  
60515 neurotoxic C Coturnix japonica reproduction 7.00 × 101 42 152  
60571 neurotoxic B Procyon lotor growth 2.00 × 100 639 152  
60571 neurotoxic B Rattus norvegicus growth 1.00 × 100 90 152  
60571 neurotoxic B Rattus norvegicus growth 9.66 × 100 728 152  
60571 neurotoxic B Canis domesticus survival 1.00 × 101 270 61 
60571 neurotoxic B Colinus virginianus survival 2.50 × 100 239 61 
60571 neurotoxic B Coturnix japonica survival 1.00 × 101 126 61 
60571 neurotoxic B Damaliscus dorcas 
phillipsi 
survival 1.50 × 101 90 61 
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60571 neurotoxic B Mus musculus survival 1.00 × 100 730 61 
60571 neurotoxic B Numida meleagris survival 1.50 × 100 623 61 
60571 neurotoxic B Rattus norvegicus survival 1.00 × 101 730 61 
60571 neurotoxic B Colinus virginianus reproduction 1.00 × 101 239 61 
60571 neurotoxic B Coturnix japonica reproduction 1.00 × 101 126 61 
60571 neurotoxic B Gallus domesticus reproduction 1.00 × 101 386 61 
60571 neurotoxic B Macaca mulatta reproduction 1.00 × 100 2190 61 
60571 neurotoxic B Mus musculus reproduction 3.00 × 100 6 generations 61 
60571 neurotoxic B Numida meleagris reproduction 5.00 × 100 623 61 
60571 neurotoxic B Procyon lotor reproduction 2.00 × 100 609 152  
61825 no MoA Anas platyrhynchos survival 2.89 × 101 154 152  
61825 no MoA Colinus virginianus survival 1.30 × 102 154 152  
61825 no MoA Anas platyrhynchos reproduction 2.89 × 101 154 152  
61825 no MoA Colinus virginianus reproduction 1.30 × 102 154 152  
62737 neurotoxic C Colinus virginianus growth 3.00 × 101 140 152  
62737 neurotoxic C Gallus domesticus growth 8.00 × 101 42 152  
62737 neurotoxic C Gallus domesticus growth 3.00 × 101 56 152  
62737 neurotoxic C Rattus norvegicus growth 5.00 × 100 90 152  
62737 neurotoxic C Rattus norvegicus growth 5.00 × 100 63 152  
62737 neurotoxic C Rattus norvegicus growth 3.92 × 100 84 152  
62737 neurotoxic C Sus sp. growth 1.60 × 101 30 152  
62737 neurotoxic C Colinus virginianus survival 3.00 × 101 140 152  
62737 neurotoxic C Gallus domesticus survival 3.00 × 101 56 152  
62737 neurotoxic C Mus musculus survival 5.94 × 102 658 152  
62737 neurotoxic C Anas platyrhynchos reproduction 1.20 × 101 154 152  
62737 neurotoxic C Anas platyrhynchos reproduction 5.00 × 100 140 152  
62737 neurotoxic C Colinus virginianus reproduction 3.00 × 101 140 152  
62737 neurotoxic C Gallus domesticus reproduction 8.00 × 101 42 152  
62737 neurotoxic C Gallus domesticus reproduction 3.00 × 101 56 152  
62737 neurotoxic C Rattus norvegicus reproduction 3.92 × 100 49 152  
63252 neurotoxic C Anas platyrhynchos growth 2.80 × 102 168 152  
63252 neurotoxic C Coturnix japonica growth 6.00 × 102 98 152  
63252 neurotoxic C Meriones unguiculatus growth 1.00 × 104 100 152  
63252 neurotoxic C Mus musculus growth 1.00 × 103 140 152  
63252 neurotoxic C Rattus norvegicus growth 2.00 × 102 50 152  
63252 neurotoxic C Rattus norvegicus growth 2.00 × 103 60 152  
63252 neurotoxic C Rattus norvegicus growth 2.00 × 102 365 152  
63252 neurotoxic C Rattus norvegicus growth 1.00 × 102 122 152  
63252 neurotoxic C Rattus norvegicus growth 1.00 × 103 40 152  
63252 neurotoxic C Rattus norvegicus growth 1.00 × 101 30 152  
63252 neurotoxic C Anas platyrhynchos survival 2.80 × 102 168 152  
63252 neurotoxic C Coturnix japonica survival 1.20 × 103 98 152  
63252 neurotoxic C Meriones unguiculatus survival 6.00 × 103 100 152  
63252 neurotoxic C Rattus norvegicus survival 2.50 × 101 244 152  
63252 neurotoxic C Rattus norvegicus survival 2.00 × 102 670 152  
63252 neurotoxic C Rattus norvegicus survival 5.00 × 103 100 152  
63252 neurotoxic C Anas platyrhynchos reproduction 2.80 × 102 168 152  
63252 neurotoxic C Colinus virginianus reproduction 3.00 × 103 196 152  
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63252 neurotoxic C Coturnix japonica reproduction 1.20 × 103 98 152  
63252 neurotoxic C Gallus domesticus reproduction 5.00 × 102 252 152  
63252 neurotoxic C Meriones unguiculatus reproduction 1.00 × 104 100 152  
63252 neurotoxic C Rattus norvegicus reproduction 2.50 × 101 335 152  
63252 neurotoxic C Rattus norvegicus reproduction 1.00 × 102 244 152  
63252 neurotoxic C Rattus norvegicus reproduction 1.00 × 104 100 152  
64175 narcotic A Mus musculus growth 1.00 × 103 35 152  
64175 narcotic A Rattus norvegicus growth 2.00 × 103 42 152  
64175 narcotic A Rattus norvegicus growth 2.50 × 103 48 152  
64175 narcotic A Rattus norvegicus growth 2.18 × 105 49 152  
64175 narcotic A Rattus norvegicus growth 2.00 × 103 63 152  
64755 no MoA Mus musculus growth 2.50 × 104 721 152  
64755 no MoA Rattus norvegicus growth 2.50 × 104 721 152  
64755 no MoA Mus musculus survival 2.47 × 104 728 152  
64755 no MoA Mus musculus survival 2.50 × 104 728 152  
64755 no MoA Rattus norvegicus survival 2.47 × 104 728 152  
64755 no MoA Rattus norvegicus survival 2.50 × 104 728 152  
67970 no MoA Felis catus growth 8.46 × 10–1 548 152  
67970 no MoA Gallus domesticus growth 5.00 × 10–2 43 152  
67970 no MoA Felis catus reproduction 8.46 × 10–1 94 152  
67970 no MoA Gallus domesticus reproduction 3.00 × 10–2 70 152  
72208 neurotoxic B Mus musculus growth 4.70 × 101 > 30 153  
72208 neurotoxic B Rattus norvegicus growth 1.00 × 100 > 30 153  
72208 neurotoxic B Anas platyrhynchos reproduction 3.00 × 100 154 152  
72208 neurotoxic B Canis domesticus reproduction 3.00 × 100 > 30 153  
72559 neurotoxic A Gallus domesticus growth 1.22 × 102 84 152  
72559 neurotoxic A Rattus norvegicus growth 2.00 × 102 42 152  
72559 neurotoxic A Rattus norvegicus growth 2.00 × 102 71 152  
72559 neurotoxic A Rattus norvegicus growth 1.00 × 102 52 152  
72559 neurotoxic A Gallus domesticus survival 5.00 × 101 196 152  
72559 neurotoxic A Gallus domesticus survival 3.00 × 102 84 152  
72559 neurotoxic A Rattus norvegicus survival 2.00 × 102 42 152  
72559 neurotoxic A Coturnix japonica reproduction 1.00 × 102 220 350  
72559 neurotoxic A Gallus domesticus reproduction 5.00 × 101 196 152  
72559 neurotoxic A Gallus domesticus reproduction 3.00 × 102 84 152  
72559 neurotoxic A Streptopelia risoria reproduction 1.00 × 101 90 350  
76879 respirotoxic A Anas platyrhynchos survival 3.00 × 100 315 152  
76879 respirotoxic A Colinus virginianus survival 3.00 × 100 175 152  
76879 respirotoxic A Anas platyrhynchos reproduction 3.00 × 100 315 152  
76879 respirotoxic A Colinus virginianus reproduction 1.00 × 101 63 152  
76879 respirotoxic A Colinus virginianus reproduction 2.50 × 101 105 152  
82688 narcotic B Anas platyrhynchos growth 6.00 × 102 147 152  
82688 narcotic B Canis familiaris growth 1.80 × 102 730 152  
82688 narcotic B Colinus virginianus growth 1.00 × 103 154 152  
82688 narcotic B Colinus virginianus growth 5.50 × 103 175 152  
82688 narcotic B Gallus domesticus growth 2.00 × 101 49 152  
82688 narcotic B Gallus domesticus growth 1.00 × 103 56 152  
82688 narcotic B Gallus domesticus growth 1.00 × 103 56 152  
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82688 narcotic B Gallus domesticus growth 3.00 × 102 112 152  
82688 narcotic B Mus musculus growth 2.30 × 103 91 152  
82688 narcotic B Rattus norvegicus growth 2.50 × 103 730 152  
82688 narcotic B Rattus norvegicus growth 1.00 × 103 180 152  
82688 narcotic B Colinus virginianus survival 1.00 × 103 154 152  
82688 narcotic B Colinus virginianus survival 5.50 × 103 175 152  
82688 narcotic B Gallus domesticus survival 1.00 × 102 245 152  
82688 narcotic B Mus musculus survival 5.00 × 103 49 152  
82688 narcotic B Mus musculus survival 4.98 × 103 728 152  
82688 narcotic B Mus musculus survival 8.19 × 103 546 152  
82688 narcotic B Anas platyrhynchos reproduction 5.50 × 103 140 152  
82688 narcotic B Colinus virginianus reproduction 1.00 × 103 154 152  
82688 narcotic B Colinus virginianus reproduction 5.50 × 103 175 152  
82688 narcotic B Gallus domesticus reproduction 1.00 × 103 245 152  
82688 narcotic B Gallus domesticus reproduction 3.00 × 102 112 152  
82688 narcotic B Mus musculus reproduction 5.00 × 103 49 152  
83794 respirotoxic B Mus musculus growth 5.91 × 102 91 152  
83794 respirotoxic B Rattus norvegicus growth 1.19 × 103 91 152  
83794 respirotoxic B Rattus norvegicus growth 5.00 × 102 266 152  
83794 respirotoxic B Mus musculus survival 1.27 × 103 721 152  
83794 respirotoxic B Rattus norvegicus survival 7.29 × 101 721 152  
87865 respirotoxic A Gallus domesticus growth 6.00 × 102 56 152  
87865 respirotoxic A Mus musculus growth 2.50 × 102 112 152  
87865 respirotoxic A Mus musculus growth 5.00 × 102 56 152  
87865 respirotoxic A Mus musculus growth 1.00 × 103 60 152  
87865 respirotoxic A Mus musculus growth 5.00 × 102 56 152  
87865 respirotoxic A Mus musculus growth 6.00 × 102 175 152  
87865 respirotoxic A Mus musculus growth 1.20 × 103 294 152  
87865 respirotoxic A Rattus norvegicus growth 2.00 × 102 84 152  
87865 respirotoxic A Rattus norvegicus growth 4.12 × 102 112 152  
87865 respirotoxic A Rattus norvegicus growth 5.00 × 102 244 152  
87865 respirotoxic A Rattus norvegicus growth 2.00 × 102 195 152  
87865 respirotoxic A Rattus norvegicus growth 6.00 × 102 201 152  
87865 respirotoxic A Mus musculus survival 6.00 × 102 175 152  
87865 respirotoxic A Mus musculus survival 1.20 × 103 294 152  
87865 respirotoxic A Rattus norvegicus survival 4.12 × 102 112 152  
91203 narcotic A Mus musculus growth 1.33 × 102 90 152  
91203 narcotic A Rattus norvegicus growth 1.00 × 103 42 152  
93152 narcotic A Mus musculus growth 1.00 × 102 98 152  
93152 narcotic A Rattus norvegicus growth 1.00 × 102 98 152  
94757 phytotoxic B Gallus domesticus growth 1.00 × 101 56 152  
94757 phytotoxic B Mus musculus growth 7.00 × 102 91 152  
94757 phytotoxic B Rattus norvegicus growth 1.25 × 103 730 152  
96457 narcotic A Felis catus growth 1.20 × 102 30 152  
96457 narcotic A Mus musculus growth 3.57 × 102 735 152  
96457 narcotic A Mus musculus growth 3.30 × 102 274 152  
96457 narcotic A Mus musculus growth 1.00 × 103 670 152  
96457 narcotic A Rattus norvegicus growth 2.48 × 102 735 152  
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96457 narcotic A Rattus norvegicus growth 9.00 × 101 274 152  
96457 narcotic A Rattus norvegicus growth 2.50 × 102 670 152  
96457 narcotic A Rattus norvegicus growth 5.00 × 101 60 152  
96457 narcotic A Rattus norvegicus growth 1.00 × 102 120 152  
96457 narcotic A Rattus norvegicus growth 1.00 × 102 91 152  
96457 narcotic A Rattus norvegicus growth 1.25 × 102 731 152  
96457 narcotic A Rattus norvegicus growth 2.50 × 102 548 152  
96457 narcotic A Rattus norvegicus growth 1.25 × 102 61 152  
96457 narcotic A Mus musculus survival 3.57 × 102 735 152  
96457 narcotic A Mus musculus survival 1.01 × 103 730 152  
96457 narcotic A Mus musculus survival 2.03 × 103 91 152  
96457 narcotic A Mus musculus survival 3.50 × 103 82 152  
96457 narcotic A Mus musculus survival 3.30 × 102 274 152  
96457 narcotic A Mus musculus survival 1.00 × 103 670 152  
96457 narcotic A Rattus norvegicus survival 2.48 × 102 735 152  
96457 narcotic A Rattus norvegicus survival 9.00 × 101 274 152  
96457 narcotic A Rattus norvegicus survival 2.50 × 102 670 152  
96457 narcotic A Rattus norvegicus survival 1.50 × 101 80 152  
96457 narcotic A Felis catus reproduction 1.20 × 102 30 152  
96457 narcotic A Mus musculus reproduction 5.00 × 102 82 152  
96457 narcotic A Mus musculus reproduction 1.00 × 103 40 152  
96457 narcotic A Mus musculus reproduction 3.50 × 103 75 152  
99309 respirotoxic A Anas platyrhynchos survival 3.93 × 102 147 152  
99309 respirotoxic A Colinus virginianus survival 3.87 × 102 140 152  
99309 respirotoxic A Anas platyrhynchos reproduction 3.93 × 102 147 152  
99309 respirotoxic A Colinus virginianus reproduction 3.87 × 102 140 152  
108463 narcotic B Mus musculus growth 2.25 × 102 457 152  
108463 narcotic B Mus musculus growth 4.20 × 102 91 152  
108463 narcotic B Rattus norvegicus growth 1.00 × 102 457 152  
108463 narcotic B Rattus norvegicus growth 5.20 × 102 91 152  
108463 narcotic B Mus musculus survival 2.25 × 102 721 152  
108463 narcotic B Rattus norvegicus survival 1.12 × 102 721 152  
108781 no MoA Mus musculus survival 4.50 × 103 730 152  
108781 no MoA Mus musculus survival 9.00 × 103 735 152  
108781 no MoA Rattus norvegicus survival 9.00 × 103 730 152  
108781 no MoA Rattus norvegicus survival 9.00 × 103 735 152  
114261 neurotoxic C Mus musculus growth 2.00 × 100 30 152  
114261 neurotoxic C Rattus norvegicus growth 2.50 × 101 50 152  
114261 neurotoxic C Rattus norvegicus growth 8.51 × 100 42 152  
114261 neurotoxic C Anas platyrhynchos reproduction 8.00 × 101 63 152  
114261 neurotoxic C Colinus virginianus reproduction 8.00 × 101 63 152  
115297 neurotoxic B Gallus domesticus growth 2.00 × 100 60 152  
115297 neurotoxic B Gallus domesticus growth 2.00 × 100 61 152  
115297 neurotoxic B Gallus domesticus growth 3.20 × 101 77 152  
115297 neurotoxic B Mus musculus growth 6.00 × 100 91 152  
115297 neurotoxic B Mus musculus growth 1.80 × 101 728 152  
115297 neurotoxic B Rattus norvegicus growth 7.50 × 101 728 152  
115297 neurotoxic B Rattus norvegicus growth 1.50 × 101 126 152  
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115297 neurotoxic B Rattus norvegicus growth 5.00 × 101 42 152  
115297 neurotoxic B Rattus norvegicus growth 2.00 × 101 154 152  
115297 neurotoxic B Rattus norvegicus growth 3.00 × 102 140 152  
115297 neurotoxic B Mus musculus survival 1.80 × 101 728 152  
115297 neurotoxic B Mus musculus survival 6.48 × 100 644 152  
115297 neurotoxic B Rattus norvegicus survival 7.50 × 101 728 152  
115297 neurotoxic B Rattus norvegicus survival 3.27 × 102 777 152  
115297 neurotoxic B Rattus norvegicus survival 2.00 × 101 154 152  
115297 neurotoxic B Anas platyrhynchos reproduction 3.00 × 101 182 152  
115297 neurotoxic B Canis domesticus reproduction 6.00 × 100 > 30 153  
115322 neurotoxic A Anas platyrhynchos growth 9.70 × 101 42 152  
115322 neurotoxic A Anas platyrhynchos growth 1.00 × 101 153 152  
115322 neurotoxic A Falco sparverius growth 2.70 × 101 122 152  
115322 neurotoxic A Megascops asio growth 1.00 × 101 40 152  
115322 neurotoxic A Mus musculus growth 2.25 × 102 462 152  
115322 neurotoxic A Rattus norvegicus growth 1.00 × 102 60 152  
115322 neurotoxic A Rattus norvegicus growth 5.00 × 102 730 152  
115322 neurotoxic A Rattus norvegicus growth 2.00 × 101 385 152  
115322 neurotoxic A Rattus norvegicus growth 3.20 × 101 84 152  
115322 neurotoxic A Rattus norvegicus growth 2.00 × 102 84 152  
115322 neurotoxic A Anas platyrhynchos survival 1.00 × 101 153 152  
115322 neurotoxic A Falco sparverius survival 2.70 × 101 122 152  
115322 neurotoxic A Megascops asio survival 1.00 × 101 88 152  
115322 neurotoxic A Anas platyrhynchos reproduction 9.70 × 101 42 152  
115322 neurotoxic A Anas platyrhynchos reproduction 1.00 × 101 153 152  
115322 neurotoxic A Anas platyrhynchos reproduction 1.00 × 101 56 152  
115322 neurotoxic A Colinus virginianus reproduction 1.20 × 102 133 152  
115322 neurotoxic A Falco sparverius reproduction 2.70 × 101 122 152  
115322 neurotoxic A Falco sparverius reproduction 9.20 × 10–1 122 152  
115322 neurotoxic A Mus musculus reproduction 2.25 × 102 462 152  
118741 narcotic A Canis domesticus growth 5.20 × 101 365 153  
118741 narcotic A Coturnix japonica growth 2.00 × 101 90 152  
118741 narcotic A Coturnix japonica reproduction 5.00 × 100 90 152  
118741 narcotic A Felix domesticus reproduction 8.80 × 101 1 generation 153  




122145 neurotoxic C Gallus domesticus growth 1.00 × 102 40 152  
122145 neurotoxic C Rattus norvegicus growth 6.00 × 101 175 152  
122145 neurotoxic C Rattus norvegicus growth 2.50 × 102 90 152  
122145 neurotoxic C Rattus norvegicus growth 2.50 × 101 238 152  
122145 neurotoxic C Anas platyrhynchos reproduction 4.00 × 101 147 152  
122145 neurotoxic C Anas platyrhynchos reproduction 1.00 × 102 140 152  
122145 neurotoxic C Anas platyrhynchos reproduction 1.07 × 102 126 152  
122145 neurotoxic C Colinus virginianus reproduction 1.30 × 101 140 152  
122145 neurotoxic C Rattus norvegicus reproduction 6.00 × 101 175 152  
122349 phytotoxic A Anas platyrhynchos reproduction 2.00 × 101 147 152  
122349 phytotoxic A Colinus virginianus reproduction 1.00 × 102 140 152  
137268 fungitoxic A Anas platyrhynchos survival 9.60 × 100 161 152  
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137268 fungitoxic A Colinus virginianus survival 5.00 × 102 161 152  
137268 fungitoxic A Anas platyrhynchos reproduction 9.60 × 100 161 152  
137268 fungitoxic A Rattus norvegicus reproduction 5.80 × 101 91 152  
137304 fungitoxic A Anas platyrhynchos survival 2.90 × 101 140 152  
137304 fungitoxic A Mus musculus survival 6.00 × 102 721 152  
137304 fungitoxic A Rattus norvegicus survival 6.00 × 102 721 152  
141662 neurotoxic C Colinus virginianus reproduction 5.00 × 10–1 161 152  
141662 neurotoxic C Coturnix japonica reproduction 1.00 × 102 42 152  
145733 other Anas platyrhynchos reproduction 5.00 × 101 140 152  
145733 other Colinus virginianus reproduction 2.50 × 102 140 152  
148798 other Anas platyrhynchos reproduction 8.00 × 101 56 152  
148798 other Colinus virginianus reproduction 8.00 × 101 154 152  
156627 no MoA Mus musculus survival 2.00 × 103 700 152  
156627 no MoA Rattus norvegicus survival 2.00 × 102 749 152  
298000 neurotoxic C Colinus virginianus growth 4.00 × 101 56 152  
298000 neurotoxic C Colinus virginianus growth 2.00 × 101 175 152  
298000 neurotoxic C Rattus norvegicus growth 8.72 × 10–1 42 152  
298000 neurotoxic C Rattus norvegicus growth 2.00 × 10–1 64 152  
298000 neurotoxic C Rattus norvegicus growth 2.18 × 10–1 49 152  
298000 neurotoxic C Rattus norvegicus growth 4.40 × 10–1 42 152  
298000 neurotoxic C Rattus norvegicus growth 2.00 × 10–1 148 152  
298000 neurotoxic C Rattus norvegicus growth 1.00 × 100 30 152  
298000 neurotoxic C Colinus virginianus survival 4.00 × 101 42 152  
298000 neurotoxic C Colinus virginianus survival 2.00 × 101 175 152  
298000 neurotoxic C Dipodomys merriami survival 3.50 × 101 365 152  
298000 neurotoxic C Colinus virginianus reproduction 4.00 × 101 42 152  
298000 neurotoxic C Colinus virginianus reproduction 2.00 × 101 175 152  
298000 neurotoxic C Coturnix japonica reproduction 1.20 × 101 42 152  
298000 neurotoxic C Mus musculus reproduction 8.00 × 101 105 152  
298022 neurotoxic C Colinus virginianus reproduction 6.00 × 101 147 152  
298022 neurotoxic C Mus musculus reproduction 1.00 × 101 105 152  
298044 neurotoxic C Anas platyrhynchos growth 3.70 × 101 238 152  
298044 neurotoxic C Colinus virginianus growth 3.70 × 101 140 152  
298044 neurotoxic C Rattus norvegicus growth 8.70 × 10–1 56 152  
298044 neurotoxic C Rattus norvegicus growth 7.90 × 100 105 152  
300765 neurotoxic C Anas platyrhynchos growth 2.60 × 102 154 152  
300765 neurotoxic C Colinus virginianus growth 1.30 × 102 154 152  
300765 neurotoxic C Rattus norvegicus growth 5.00 × 101 90 152  
314409 phytotoxic A Anas platyrhynchos survival 1.55 × 103 154 152  
314409 phytotoxic A Colinus virginianus survival 1.55 × 103 147 152  
314409 phytotoxic A Anas platyrhynchos reproduction 1.55 × 103 154 152  
314409 phytotoxic A Colinus virginianus reproduction 1.55 × 103 147 152  
314409 phytotoxic A Mus musculus reproduction 5.00 × 103 105 152  
330541 phytotoxic A Anas platyrhynchos growth 9.80 × 100 140 152  
330541 phytotoxic A Gallus domesticus growth 8.00 × 10–1 42 152  
330541 phytotoxic A Rattus norvegicus growth 2.50 × 102 30 152  
330541 phytotoxic A Rattus norvegicus growth 2.50 × 103 140 152  
330541 phytotoxic A Rattus norvegicus growth 2.50 × 103 731 152  
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330541 phytotoxic A Anas platyrhynchos reproduction 9.80 × 100 140 152  
330541 phytotoxic A Rattus norvegicus reproduction 2.50 × 102 30 152  
333415 neurotoxic C Anas platyrhynchos reproduction 6.00 × 100 196 152  
333415 neurotoxic C Anas platyrhynchos reproduction 8.30 × 100 42 152  
333415 neurotoxic C Branta canadensis reproduction 6.00 × 100 196 152  
333415 neurotoxic C Colinus virginianus reproduction 3.20 × 101 42 152  
333415 neurotoxic C Gallus domesticus reproduction 1.00 × 101 70 152  
533744 other Anas platyrhynchos reproduction 1.00 × 101 189 152  
533744 other Colinus virginianus reproduction 1.00 × 102 175 152  
563122 neurotoxic C Anas platyrhynchos growth 7.50 × 101 126 152  
563122 neurotoxic C Colinus virginianus growth 3.00 × 102 161 152  
709988 phytotoxic A Anas platyrhynchos growth 4.60 × 101 161 152  
709988 phytotoxic A Colinus virginianus growth 2.47 × 102 175 152  
732116 neurotoxic C Anas platyrhynchos reproduction 6.00 × 101 196 152  
732116 neurotoxic C Colinus virginianus reproduction 6.00 × 101 182 152  
741582 other Anas platyrhynchos reproduction 2.50 × 100 154 152  
741582 other Colinus virginianus reproduction 2.50 × 102 175 152  
759944 other Anas platyrhynchos reproduction 2.42 × 102 140 152  
759944 other Colinus virginianus reproduction 5.91 × 102 182 152  
789026 neurotoxic A Gallus domesticus growth 1.22 × 102 84 152  
789026 neurotoxic A Rattus norvegicus growth 4.00 × 101 137 152  
789026 neurotoxic A Gallus domesticus survival 5.00 × 101 196 152  
789026 neurotoxic A Gallus domesticus survival 3.00 × 102 84 152  
789026 neurotoxic A Rattus norvegicus survival 4.00 × 101 137 152  
789026 neurotoxic A Gallus domesticus reproduction 5.00 × 101 196 152  
789026 neurotoxic A Gallus domesticus reproduction 3.00 × 102 84 152  
789026 neurotoxic A Rattus norvegicus reproduction 4.00 × 101 116 152  
834128 phytotoxic A Anas platyrhynchos growth 3.00 × 102 126 152  
834128 phytotoxic A Colinus virginianus growth 3.00 × 102 126 152  
944229 neurotoxic C Anas platyrhynchos growth 5.00 × 101 161 152  
944229 neurotoxic C Colinus virginianus growth 8.00 × 100 147 152  
950378 neurotoxic C Anas platyrhynchos reproduction 1.00 × 100 133 152  
950378 neurotoxic C Anas platyrhynchos reproduction 3.50 × 101 147 152  
950378 neurotoxic C Colinus virginianus reproduction 2.00 × 101 147 152  
999815 other Coturnix japonica growth 1.58 × 102 42 152  
999815 other Gallus sp. growth 5.00 × 100 84 152  
999815 other Gallus sp. growth 5.00 × 101 119 152  
1071836 phytotoxic C Mus musculus reproduction 5.00 × 104 91 152  
1071836 phytotoxic C Rattus norvegicus reproduction 2.50 × 104 91 152  
1194656 other Anas platyrhynchos survival 2.89 × 102 147 152  
1194656 other Colinus virginianus survival 1.46 × 102 147 152  
1194656 other Anas platyrhynchos reproduction 2.89 × 102 147 152  
1194656 other Colinus virginianus reproduction 1.46 × 102 147 152  
1303964 no MoA Canis familiaris growth 1.75 × 103 90 152  
1303964 no MoA Rattus norvegicus growth 3.50 × 102 183 152  
1303964 no MoA Rattus norvegicus growth 2.00 × 103 60 152  
1303964 no MoA Rattus norvegicus growth 2.00 × 103 60 152  
1563662 neurotoxic C Coturnix japonica growth 2.00 × 102 42 152  
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1563662 neurotoxic C Peromyscus gossypinus growth 1.00 × 102 244 152  
1563662 neurotoxic C Peromyscus polionotus growth 1.00 × 102 244 152  
1563662 neurotoxic C Rattus norvegicus growth 4.00 × 102 90 152  
1563662 neurotoxic C Coturnix japonica survival 2.00 × 102 42 152  
1563662 neurotoxic C Mus musculus survival 1.25 × 102 > 30 153  
1563662 neurotoxic C Peromyscus gossypinus survival 1.00 × 102 244 152  
1563662 neurotoxic C Coturnix japonica reproduction 1.00 × 102 42 152  
1563662 neurotoxic C Peromyscus gossypinus reproduction 1.00 × 102 244 152  
1563662 neurotoxic C Peromyscus polionotus reproduction 1.00 × 102 244 152  
1582098 other Anas platyrhynchos growth 5.00 × 102 133 152  
1582098 other Canis familiaris growth 2.50 × 101 1095 152  
1582098 other Colinus virginianus growth 5.00 × 102 140 152  
1582098 other Mus musculus growth 5.63 × 102 730 152  
1582098 other Rattus norvegicus growth 2.00 × 103 730 152  
1582098 other Colinus virginianus survival 5.00 × 102 140 152  
1582098 other Mus musculus survival 4.50 × 103 730 152  
1582098 other Canis familiaris reproduction 2.50 × 101 1095 152  
1582098 other Colinus virginianus reproduction 5.00 × 102 140 152  
1582098 other Rattus norvegicus reproduction 2.00 × 102 730 152  
1596845 phytotoxic B Mus musculus growth 5.00 × 104 56 152  
1596845 phytotoxic B Rattus norvegicus growth 1.00 × 104 42 152  
1596845 phytotoxic B Rattus norvegicus growth 5.00 × 104 49 152  
1689992 narcotic C Anas platyrhynchos reproduction 1.05 × 102 147 152  
1689992 narcotic C Colinus virginianus reproduction 3.71 × 102 175 152  
1836755 narcotic B Canis familiaris growth 2.00 × 102 730 152  
1836755 narcotic B Rattus norvegicus growth 1.00 × 102 679 152  
1836755 narcotic B Rattus norvegicus growth 2.50 × 103 91 152  
1861401 reactive (org.) Colinus virginianus growth 9.60 × 101 161 152  
1861401 reactive (org.) Rattus norvegicus growth 1.00 × 103 730 152  
1861401 reactive (org.) Canis familiaris survival 5.00 × 102 91 152  
1861401 reactive (org.) Colinus virginianus survival 9.60 × 101 161 152  
1861401 reactive (org.) Rattus norvegicus survival 1.25 × 103 91 152  
1861401 reactive (org.) Anas platyrhynchos reproduction 2.88 × 102 210 152  
1861401 reactive (org.) Rattus norvegicus reproduction 1.00 × 103 730 152  
1910425 other Colinus virginianus growth 1.68 × 102 42 152  
1910425 other Mus musculus growth 4.67 × 101 40 152  
1910425 other Rattus norvegicus growth 9.35 × 101 30 152  
1912249 phytotoxic A Anas platyrhynchos growth 2.25 × 102 161 152  
1912249 phytotoxic A Mus musculus growth 3.00 × 102 532 152  
1912249 phytotoxic A Mus musculus growth 2.00 × 101 90 152  
1912249 phytotoxic A Mus musculus growth 1.00 × 102 90 152  
1912249 phytotoxic A Rattus norvegicus growth 5.00 × 102 728 152  
1912249 phytotoxic A Rattus norvegicus growth 5.00 × 102 35 152  
1912249 phytotoxic A Rattus norvegicus growth 5.00 × 100 35 152  
1912249 phytotoxic A Rattus norvegicus growth 1.00 × 101 42 152  
1912249 phytotoxic A Rattus norvegicus growth 3.00 × 101 41 152  
1912249 phytotoxic A Rattus norvegicus growth 7.00 × 101 91 152  
1912249 phytotoxic A Rattus norvegicus growth 1.00 × 102 90 152  
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1912249 phytotoxic A Rattus norvegicus growth 5.00 × 101 43 152  
1912249 phytotoxic A Rattus norvegicus growth 4.50 × 102 185 152  
1912249 phytotoxic A Rattus norvegicus growth 5.00 × 102 350 152  
1912249 phytotoxic A Mus musculus survival 3.00 × 103 728 152  
1912249 phytotoxic A Rattus norvegicus survival 1.00 × 103 728 152  
1912249 phytotoxic A Rattus norvegicus survival 4.00 × 102 735 152  
1912249 phytotoxic A Rattus norvegicus survival 1.00 × 103 731 152  
1912249 phytotoxic A Rattus norvegicus survival 8.66 × 102 980 152  
1912249 phytotoxic A Anas platyrhynchos reproduction 2.25 × 102 161 152  
1912249 phytotoxic A Colinus virginianus reproduction 2.25 × 102 161 152  
1912249 phytotoxic A Rattus norvegicus reproduction 1.00 × 102 43 152  
2032657 neurotoxic C Colinus virginianus survival 2.00 × 100 35 152  
2032657 neurotoxic C Zenaida macroura survival 1.00 × 102 30 152  
2058460 no MoA Mus musculus growth 1.25 × 104 721 152  
2058460 no MoA Rattus norvegicus growth 5.00 × 104 721 152  
2058460 no MoA Mus musculus survival 1.26 × 104 721 152  
2058460 no MoA Mus musculus survival 1.25 × 104 728 152  
2058460 no MoA Rattus norvegicus survival 5.01 × 104 721 152  
2058460 no MoA Rattus norvegicus survival 5.00 × 104 728 152  
2164172 phytotoxic A Anas platyrhynchos reproduction 6.04 × 101 140 152  
2164172 phytotoxic A Colinus virginianus reproduction 4.28 × 101 175 152  
2312358 narcotic A Anas platyrhynchos growth 8.47 × 101 126 152  
2312358 narcotic A Colinus virginianus growth 8.47 × 101 140 152  
2439012 narcotic A Anas platyrhynchos reproduction 5.00 × 100 147 152  
2439012 narcotic A Colinus virginianus reproduction 5.80 × 101 147 152  
2439103 other Anas platyrhynchos reproduction 2.00 × 102 168 152  
2439103 other Colinus virginianus reproduction 3.00 × 102 147 152  
2593159 narcotic A Anas platyrhynchos survival 5.00 × 101 154 152  
2593159 narcotic A Colinus virginianus survival 5.00 × 101 154 152  
2593159 narcotic A Anas platyrhynchos reproduction 5.00 × 101 154 152  
2593159 narcotic A Colinus virginianus reproduction 5.00 × 101 154 152  
2921882 neurotoxic C Anas platyrhynchos growth 3.00 × 101 189 152  
2921882 neurotoxic C Gallus domesticus growth 2.00 × 101 35 152  
2921882 neurotoxic C Gallus domesticus growth 2.00 × 102 364 152  
2921882 neurotoxic C Mus musculus growth 2.13 × 101 70 152  
2921882 neurotoxic C Mus musculus growth 1.00 × 102 31 152  
2921882 neurotoxic C Rattus norvegicus growth 2.00 × 100 64 152  
2921882 neurotoxic C Anas platyrhynchos survival 8.00 × 101 133 152  
2921882 neurotoxic C Anas platyrhynchos survival 2.50 × 101 203 152  
2921882 neurotoxic C Coturnix japonica survival 1.00 × 101 > 30 153  
2921882 neurotoxic C Anas platyrhynchos reproduction 2.50 × 101 203 152  
2921882 neurotoxic C Anas platyrhynchos reproduction 4.60 × 101 56 152  
2921882 neurotoxic C Colinus virginianus reproduction 4.00 × 101 168 152  
2921882 neurotoxic C Colinus virginianus reproduction 1.25 × 102 119 152  
2921882 neurotoxic C Gallus domesticus reproduction 2.00 × 102 364 152  
2921882 neurotoxic C Mus musculus reproduction 1.00 × 102 31 152  
3691358 no MoA Anas platyrhynchos survival 1.00 × 101 30 152  
3691358 no MoA Colinus virginianus survival 1.00 × 101 30 152  
Supporting information
129
 CAS MoA species endpoint concentration  exp. duration source 
5234684 other Anas platyrhynchos reproduction 7.00 × 101 147 152  
5234684 other Colinus virginianus reproduction 1.00 × 103 147 152  
5902512 phytotoxic A Anas platyrhynchos reproduction 1.80 × 103 147 152  
5902512 phytotoxic A Colinus virginianus reproduction 4.00 × 103 147 152  
5989275 narcotic A Mus musculus survival 1.00 × 103 728 152  
5989275 narcotic A Rattus norvegicus survival 1.50 × 102 728 152  
7287196 phytotoxic A Anas platyrhynchos reproduction 5.00 × 102 140 152  
7287196 phytotoxic A Colinus virginianus reproduction 6.00 × 102 154 152  
7439921 reactive (metal) Colinus virginianus growth 1.55 × 103 42 153  
7439921 reactive (metal) Coturnix japonica growth 3.88 × 102 35 152  
7439921 reactive (metal) Gallus domesticus growth 1.20 × 103 > 30 63 
7439921 reactive (metal) Gallus domesticus growth 1.00 × 100 > 30 63 
7439921 reactive (metal) Mus musculus growth 6.67 × 103 > 30 63 
7439921 reactive (metal) Rattus norvegicus growth 7.75 × 102 84 152  
7439921 reactive (metal) Rattus norvegicus growth 2.00 × 103 > 30 63 
7439921 reactive (metal) Anas platyrhynchos reproduction 1.00 × 102 > 30 63 
7439921 reactive (metal) Cavia porcellus reproduction 2.50 × 103 > 30 63 
7439921 reactive (metal) Rattus norvegicus reproduction 7.75 × 102 84 152  
7439921 reactive (metal) Rattus norvegicus reproduction 6.70 × 102 > 30 63 
7439921 reactive (metal) Rattus norvegicus reproduction 1.34 × 103 > 30 63 
7439976 reactive (metal) Gallus domesticus growth 9.24 × 101 112 61 
7439976 reactive (metal) Mus musculus growth 1.11 × 101 49 152  
7439976 reactive (metal) Coturnix japonica survival 2.96 × 100 140 152  
7439976 reactive (metal) Gallus domesticus survival 9.24 × 101 112 61 
7439976 reactive (metal) Gallus domesticus survival 6.76 × 100 56 152  
7439976 reactive (metal) Neovison vison survival 7.39 × 100 183 152  
7439976 reactive (metal) Sturnus vulgaris survival 1.00 × 100 56 351  
7439976 reactive (metal) Coturnix japonica reproduction 5.91 × 100 140 152  
7439976 reactive (metal) Gallus domesticus reproduction 7.39 × 100 56 152  
7439976 reactive (metal) Gallus domesticus reproduction 6.76 × 100 56 152  
7440439 reactive (metal) Bos primigenius taurus growth 4.00 × 101 84 61 
7440439 reactive (metal) Clethrionomys glareolus growth 1.01 × 102 42 152  
7440439 reactive (metal) Macaca mulatta growth 3.00 × 100 1095 61 
7440439 reactive (metal) Macaca mulatta growth 3.00 × 101 > 30 63 
7440439 reactive (metal) Mus musculus growth 3.07 × 101 548 152  
7440439 reactive (metal) Oryctolagus cuniculus growth 1.00 × 100 > 30 63 
7440439 reactive (metal) Ovis amon aries growth 9.20 × 100 191 61 
7440439 reactive (metal) Rattus norvegicus growth 7.50 × 101 112 152  
7440439 reactive (metal) Rattus norvegicus growth 2.50 × 101 90 61 
7440439 reactive (metal) Rattus norvegicus growth 1.00 × 101 730 61 
7440439 reactive (metal) Sus scrofa domesticus growth 4.00 × 101 152 61 
7440439 reactive (metal) Sus scrofa domesticus growth 3.07 × 101 42 61 
7440439 reactive (metal) Gallus domesticus survival 1.20 × 101 336 61 
7440439 reactive (metal) Rattus norvegicus survival 1.00 × 101 287 61 
7440439 reactive (metal) Rattus norvegicus survival 4.50 × 101 183 63 
7440439 reactive (metal) Anas platyrhynchos reproduction 1.60 × 100 90 61 
7440439 reactive (metal) Gallus domesticus reproduction 1.20 × 101 336 61 
7440439 reactive (metal) Mus musculus reproduction 7.00 × 100 70 63 
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7440473 reactive (metal) Bos taurus growth 1.00 × 100 30 152  
7440473 reactive (metal) Gallus domesticus growth 3.00 × 10–1 42 152  
7440473 reactive (metal) Rattus norvegicus growth 4.50 × 10–1 56 152  
7440508 reactive (metal) Anas platyrhynchos growth 3.59 × 102 34 152  
7440508 reactive (metal) Anas platyrhynchos growth 8.70 × 101 34 152  
7440508 reactive (metal) Anas platyrhynchos growth 2.58 × 101 154 152  
7440508 reactive (metal) Bos taurus growth 2.50 × 101 77 152  
7440508 reactive (metal) Bos taurus growth 2.82 × 101 127 152  
7440508 reactive (metal) Bos taurus growth 3.58 × 102 98 152  
7440508 reactive (metal) Bos taurus growth 2.20 × 101 127 152  
7440508 reactive (metal) Capra hircus growth 7.96 × 100 60 152  
7440508 reactive (metal) Colinus virginianus growth 3.26 × 102 154 152  
7440508 reactive (metal) Gallus domesticus growth 7.71 × 101 42 152  
7440508 reactive (metal) Gallus domesticus growth 5.99 × 102 336 152  
7440508 reactive (metal) Gallus domesticus growth 6.66 × 101 42 152  
7440508 reactive (metal) Gallus domesticus growth 1.56 × 101 56 152  
7440508 reactive (metal) Gallus domesticus growth 2.50 × 102 84 152  
7440508 reactive (metal) Gallus domesticus growth 5.97 × 101 42 152  
7440508 reactive (metal) Gallus domesticus growth 1.59 × 102 84 152  
7440508 reactive (metal) Gallus domesticus growth 3.02 × 102 35 152  
7440508 reactive (metal) Gallus domesticus growth 7.71 × 102 35 152  
7440508 reactive (metal) Gallus domesticus growth 9.95 × 101 35 152  
7440508 reactive (metal) Gallus domesticus growth 1.49 × 102 42 152  
7440508 reactive (metal) Gallus domesticus growth 9.95 × 101 56 152  
7440508 reactive (metal) Gallus domesticus growth 8.20 × 101 38 152  
7440508 reactive (metal) Gallus domesticus growth 9.95 × 101 42 152  
7440508 reactive (metal) Gallus domesticus growth 4.98 × 101 56 152  
7440508 reactive (metal) Gallus domesticus growth 7.29 × 102 42 152  
7440508 reactive (metal) Gallus domesticus growth 1.99 × 102 48 152  
7440508 reactive (metal) Gallus domesticus growth 3.98 × 101 63 152  
7440508 reactive (metal) Gallus domesticus growth 9.95 × 101 70 152  
7440508 reactive (metal) Gallus domesticus growth 2.99 × 102 336 152  
7440508 reactive (metal) Gallus domesticus growth 3.19 × 102 336 152  
7440508 reactive (metal) Meleagris gallopavo growth 5.33 × 101 168 152  
7440508 reactive (metal) Meleagris gallopavo growth 9.56 × 101 168 152  
7440508 reactive (metal) Meleagris gallopavo growth 4.78 × 101 112 152  
7440508 reactive (metal) Mus musculus growth 3.98 × 100 35 152  
7440508 reactive (metal) Mus musculus growth 1.59 × 103 91 152  
7440508 reactive (metal) Mus musculus growth 6.37 × 103 92 152  
7440508 reactive (metal) Mus musculus growth 7.96 × 102 92 152  
7440508 reactive (metal) Neovison vison growth 2.00 × 102 110 152  
7440508 reactive (metal) Neovison vison growth 2.26 × 102 132 152  
7440508 reactive (metal) Oryctolagus cuniculus growth 3.98 × 101 56 152  
7440508 reactive (metal) Oryctolagus cuniculus growth 7.96 × 101 42 152  
7440508 reactive (metal) Oryctolagus cuniculus growth 1.79 × 102 49 152  
7440508 reactive (metal) Oryctolagus cuniculus growth 9.05 × 101 56 152  
7440508 reactive (metal) Oryctolagus cuniculus growth 7.96 × 101 56 152  
7440508 reactive (metal) Oryctolagus cuniculus growth 1.49 × 102 70 152  
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7440508 reactive (metal) Ovis aries growth 8.14 × 100 305 152  
7440508 reactive (metal) Rattus norvegicus growth 1.29 × 101 62 152  
7440508 reactive (metal) Rattus norvegicus growth 2.50 × 102 56 152  
7440508 reactive (metal) Rattus norvegicus growth 5.00 × 101 > 30 63 
7440508 reactive (metal) Rattus norvegicus growth 4.73 × 102 84 152  
7440508 reactive (metal) Rattus norvegicus growth 3.78 × 102 42 152  
7440508 reactive (metal) Rattus norvegicus growth 3.19 × 103 92 152  
7440508 reactive (metal) Rattus norvegicus growth 1.59 × 103 92 152  
7440508 reactive (metal) Rattus norvegicus growth 1.99 × 103 42 152  
7440508 reactive (metal) Rattus norvegicus growth 3.98 × 102 49 152  
7440508 reactive (metal) Rattus norvegicus growth 1.99 × 102 50 152  
7440508 reactive (metal) Rattus norvegicus growth 1.79 × 102 30 152  
7440508 reactive (metal) Sus scrofa growth 4.00 × 102 35 152  
7440508 reactive (metal) Sus scrofa growth 9.95 × 101 105 152  
7440508 reactive (metal) Sus scrofa growth 4.90 × 101 112 152  
7440508 reactive (metal) Sus scrofa growth 9.95 × 101 35 152  
7440508 reactive (metal) Sus scrofa growth 7.92 × 101 144 152  
7440508 reactive (metal) Sus scrofa growth 4.98 × 101 55 152  
7440508 reactive (metal) Sus scrofa growth 3.70 × 100 56 152  
7440508 reactive (metal) Sus scrofa growth 1.95 × 100 70 152  
7440508 reactive (metal) Sus scrofa growth 9.95 × 101 112 152  
7440508 reactive (metal) Sus scrofa growth 9.56 × 101 112 152  
7440508 reactive (metal) Sus scrofa growth 9.95 × 101 70 152  
7440508 reactive (metal) Sus scrofa growth 9.95 × 101 98 152  
7440508 reactive (metal) Sus scrofa growth 9.95 × 101 783 152  
7440508 reactive (metal) Anas platyrhynchos survival 2.58 × 101 154 152  
7440508 reactive (metal) Gallus domesticus survival 1.56 × 101 56 152  
7440508 reactive (metal) Gallus domesticus survival 2.50 × 102 84 152  
7440508 reactive (metal) Gallus domesticus survival 8.20 × 101 38 152  
7440508 reactive (metal) Gallus domesticus survival 4.98 × 101 56 152  
7440508 reactive (metal) Sus scrofa survival 9.95 × 101 783 152  
7440508 reactive (metal) Anas platyrhynchos reproduction 2.58 × 102 140 152  
7440508 reactive (metal) Anas platyrhynchos reproduction 2.58 × 101 154 152  
7440508 reactive (metal) Anas platyrhynchos reproduction 3.26 × 102 140 152  
7440508 reactive (metal) Anas platyrhynchos reproduction 6.51 × 101 154 152  
7440508 reactive (metal) Colinus virginianus reproduction 2.58 × 101 154 152  
7440508 reactive (metal) Colinus virginianus reproduction 6.51 × 101 133 152  
7440508 reactive (metal) Gallus domesticus reproduction 2.50 × 102 84 152  
7440508 reactive (metal) Gallus domesticus reproduction 9.95 × 101 56 152  
7440508 reactive (metal) Gallus domesticus reproduction 3.66 × 102 42 152  
7440508 reactive (metal) Gallus domesticus reproduction 9.95 × 101 70 152  
7440508 reactive (metal) Mus musculus reproduction 3.19 × 103 92 152  
7440508 reactive (metal) Rattus norvegicus reproduction 4.73 × 102 84 152  
7440508 reactive (metal) Rattus norvegicus reproduction 1.59 × 103 92 152  
7440508 reactive (metal) Sus scrofa reproduction 9.95 × 101 783 152  
7440666 reactive (metal) Bos taurus growth 5.17 × 101 112 152  
7440666 reactive (metal) Bos taurus growth 1.28 × 102 168 152  
7440666 reactive (metal) Bos taurus growth 5.05 × 102 196 152  
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7440666 reactive (metal) Bos taurus growth 7.34 × 101 124 152  
7440666 reactive (metal) Bos taurus growth 5.48 × 101 238 152  
7440666 reactive (metal) Bos taurus growth 3.66 × 101 170 152  
7440666 reactive (metal) Bos taurus growth 7.60 × 101 147 152  
7440666 reactive (metal) Bos taurus growth 1.00 × 102 77 152  
7440666 reactive (metal) Bos taurus growth 3.64 × 102 287 152  
7440666 reactive (metal) Clethrionomys glareolus growth 2.26 × 101 42 152  
7440666 reactive (metal) Gallus domesticus growth 1.43 × 103 35 152  
7440666 reactive (metal) Gallus domesticus growth 1.61 × 104 49 152  
7440666 reactive (metal) Gallus domesticus growth 9.16 × 101 35 152  
7440666 reactive (metal) Gallus domesticus growth 1.11 × 102 56 152  
7440666 reactive (metal) Gallus domesticus growth 1.61 × 104 56 152  
7440666 reactive (metal) Gallus domesticus growth 1.61 × 102 84 152  
7440666 reactive (metal) Gallus domesticus growth 5.68 × 103 168 152  
7440666 reactive (metal) Gallus domesticus growth 1.61 × 104 89 152  
7440666 reactive (metal) Gallus domesticus growth 6.08 × 101 49 152  
7440666 reactive (metal) Gallus domesticus growth 8.00 × 102 329 152  
7440666 reactive (metal) Mus musculus growth 3.21 × 102 35 152  
7440666 reactive (metal) Mus musculus growth 1.31 × 104 59 152  
7440666 reactive (metal) Neovison vison growth 2.83 × 102 270 152  
7440666 reactive (metal) Ovis aries growth 2.40 × 101 175 152  
7440666 reactive (metal) Ovis aries growth 1.50 × 102 168 152  
7440666 reactive (metal) Ovis aries growth 2.00 × 101 52 152  
7440666 reactive (metal) Rattus norvegicus growth 4.02 × 104 42 152  
7440666 reactive (metal) Rattus norvegicus growth 3.21 × 102 120 152  
7440666 reactive (metal) Rattus norvegicus growth 3.00 × 102 112 152  
7440666 reactive (metal) Rattus norvegicus growth 1.00 × 103 42 152  
7440666 reactive (metal) Rattus norvegicus growth 5.00 × 103 > 30 63 
7440666 reactive (metal) Rattus norvegicus growth 1.96 × 103 30 152  
7440666 reactive (metal) Rattus norvegicus growth 1.39 × 102 42 152  
7440666 reactive (metal) Rattus norvegicus growth 9.60 × 101 42 152  
7440666 reactive (metal) Rattus norvegicus growth 3.20 × 101 150 152  
7440666 reactive (metal) Rattus norvegicus growth 1.60 × 103 44 152  
7440666 reactive (metal) Sus scrofa growth 8.03 × 101 105 152  
7440666 reactive (metal) Sus scrofa growth 4.67 × 102 112 152  
7440666 reactive (metal) Sus scrofa growth 4.02 × 103 335 152  
7440666 reactive (metal) Sus scrofa growth 4.02 × 102 432 152  
7440666 reactive (metal) Felix catus survival 7.80 × 102 > 30 63 
7440666 reactive (metal) Gallus domesticus survival 1.61 × 104 56 152  
7440666 reactive (metal) Gallus domesticus survival 8.03 × 103 168 152  
7440666 reactive (metal) Gallus domesticus survival 1.61 × 104 89 152  
7440666 reactive (metal) Gallus domesticus survival 8.00 × 102 308 152  
7440666 reactive (metal) Neovison vison survival 2.83 × 102 123 152  
7440666 reactive (metal) Ovis aries survival 2.40 × 101 175 152  
7440666 reactive (metal) Sus scrofa survival 4.02 × 103 335 152  
7440666 reactive (metal) Bos taurus reproduction 7.29 × 102 287 152  
7440666 reactive (metal) Gallus domesticus reproduction 1.61 × 104 49 152  
7440666 reactive (metal) Gallus domesticus reproduction 1.61 × 104 56 152  
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7440666 reactive (metal) Gallus domesticus reproduction 1.61 × 102 84 152  
7440666 reactive (metal) Gallus domesticus reproduction 5.68 × 103 154 152  
7440666 reactive (metal) Gallus domesticus reproduction 8.03 × 103 168 152  
7440666 reactive (metal) Gallus domesticus reproduction 1.61 × 104 89 152  
7440666 reactive (metal) Gallus domesticus reproduction 8.00 × 102 308 152  
7440666 reactive (metal) Neovison vison reproduction 2.83 × 102 123 152  
7440666 reactive (metal) Ovis aries reproduction 2.40 × 101 105 152  
7440666 reactive (metal) Rattus norvegicus reproduction 1.00 × 103 > 30 63 
7440666 reactive (metal) Rattus norvegicus reproduction 1.60 × 103 44 152  
7440666 reactive (metal) Sus scrofa reproduction 4.02 × 103 335 152  
7631994 reactive (metal) Coturnix japonica growth 9.63 × 102 105 152  
7631994 reactive (metal) Meleagris gallopavo growth 1.08 × 103 168 152  
7647145 other Gallus domesticus growth 4.85 × 102 42 152  
7647145 other Ovis sp. growth 1.27 × 105 56 152  
7647156 other Gallus domesticus growth 1.16 × 101 31 152  
7647156 other Rattus norvegicus growth 9.32 × 102 91 152  
7647156 other Rattus norvegicus growth 3.73 × 103 213 152  
7681494 other Gallus domesticus growth 7.00 × 102 252 152  
7681494 other Gallus domesticus growth 1.00 × 102 315 152  
7681494 other Mus musculus growth 1.75 × 102 462 152  
7681494 other Mus musculus growth 6.00 × 102 182 152  
7681494 other Oryctolagus cuniculus growth 1.50 × 102 49 152  
7681494 other Ovis aries growth 5.00 × 100 140 152  
7681494 other Rattus norvegicus growth 1.00 × 102 182 152  
7681494 other Rattus norvegicus growth 1.75 × 102 462 152  
7681494 other Rattus norvegicus growth 1.00 × 102 42 152  
7681494 other Rattus norvegicus growth 1.00 × 102 42 152  
7681494 other Rattus norvegicus growth 5.00 × 101 60 152  
7681494 other Rattus norvegicus growth 2.50 × 102 238 152  
7681494 other Rattus norvegicus growth 1.50 × 102 90 152  
7681494 other Rattus norvegicus growth 2.10 × 100 364 152  
7681494 other Rattus norvegicus growth 2.50 × 102 217 152  
7681494 other Rattus norvegicus growth 4.50 × 100 75 152  
7681494 other Mus musculus survival 1.75 × 102 721 152  
7681494 other Rattus norvegicus survival 1.75 × 102 721 152  
7681494 other Rattus norvegicus survival 2.10 × 100 364 152  
7720787 other Clethrionomys glareolus growth 1.89 × 102 42 152  
7720787 other Gallus domesticus growth 1.57 × 103 56 152  
7720787 other Gallus domesticus growth 1.79 × 103 70 152  
7720787 other Gallus domesticus growth 2.00 × 102 84 152  
7720787 other Gallus domesticus growth 6.80 × 102 36 152  
7720787 other Rattus norvegicus growth 1.40 × 102 61 152  
7720787 other Sus scrofa growth 3.00 × 102 35 152  
7784465 neurotoxic C Mus musculus growth 4.60 × 10–1 519 152  
7784465 neurotoxic C Rattus norvegicus growth 1.00 × 101 35 152  
7786347 neurotoxic C Anas platyrhynchos reproduction 4.00 × 100 140 152  
7786347 neurotoxic C Colinus virginianus reproduction 1.50 × 100 154 152  
8018017 fungitoxic A Anas platyrhynchos reproduction 7.98 × 101 126 152  
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8018017 fungitoxic A Colinus virginianus reproduction 7.98 × 101 154 152  
8018017 fungitoxic A Mus musculus reproduction 3.19 × 101 40 152  
10043353 other Canis familiaris growth 1.75 × 103 90 152  
10043353 other Gallus domesticus growth 2.00 × 102 56 152  
10043353 other Mus musculus growth 4.50 × 103 189 152  
10043353 other Peromyscus 
maniculatus 
growth 4.50 × 103 56 152  
10043353 other Rattus norvegicus growth 3.50 × 102 183 152  
10043353 other Gallus domesticus reproduction 4.00 × 102 56 152  
10043353 other Gallus domesticus reproduction 1.00 × 102 75 152  
10043353 other Peromyscus 
maniculatus 
reproduction 4.50 × 103 56 152  
10043353 other Rattus norvegicus reproduction 1.17 × 102 147 152  
10102188 reactive (metal) Gallus domesticus growth 1.49 × 10–1 40 152  
10102188 reactive (metal) Meleagris gallopavo growth 7.46 × 10–1 35 152  
10453868 neurotoxic A Anas platyrhynchos growth 1.20 × 101 154 152  
10453868 neurotoxic A Colinus virginianus growth 6.00 × 101 161 152  
11097691 no MoA Phasianus colchicus reproduction 2.50 × 101 119 152  
11097691 no MoA Zenaida macroura reproduction 1.00 × 101 42 152  
12427382 fungitoxic A Anas platyrhynchos reproduction 1.60 × 101 154 152  
12427382 fungitoxic A Colinus virginianus reproduction 4.00 × 102 154 152  
13071799 neurotoxic C Anas platyrhynchos reproduction 2.00 × 100 126 152  
13071799 neurotoxic C Anas platyrhynchos reproduction 5.00 × 100 133 152  
13071799 neurotoxic C Colinus virginianus reproduction 3.00 × 101 133 152  
13171216 neurotoxic C Anas platyrhynchos growth 1.00 × 100 133 152  
13171216 neurotoxic C Colinus virginianus growth 1.00 × 100 133 152  
13194484 neurotoxic C Anas platyrhynchos survival 4.00 × 101 140 152  
13194484 neurotoxic C Colinus virginianus survival 9.52 × 10–1 98 152  
13194484 neurotoxic C Colinus virginianus survival 7.50 × 100 168 152  
13194484 neurotoxic C Anas platyrhynchos reproduction 4.00 × 101 140 152  
13194484 neurotoxic C Colinus virginianus reproduction 9.52 × 10–1 98 152  
13194484 neurotoxic C Colinus virginianus reproduction 7.50 × 100 168 152  
13356086 no MoA Anas platyrhynchos growth 1.50 × 102 133 152  
13356086 no MoA Colinus virginianus growth 1.50 × 102 147 152  
13356086 no MoA Anas platyrhynchos reproduction 1.50 × 102 133 152  
13356086 no MoA Colinus virginianus reproduction 1.50 × 102 147 152  
13684565 phytotoxic A Anas platyrhynchos growth 9.00 × 101 147 152  
13684565 phytotoxic A Colinus virginianus growth 4.50 × 102 147 152  
15972608 other Anas platyrhynchos growth 5.00 × 101 168 152  
15972608 other Colinus virginianus growth 5.00 × 101 154 152  
15972608 other Mus musculus growth 2.00 × 101 90 152  
15972608 other Mus musculus growth 1.00 × 102 90 152  
16752775 neurotoxic C Anas platyrhynchos growth 5.00 × 101 126 152  
16752775 neurotoxic C Rattus norvegicus growth 2.00 × 102 84 152  
16752775 neurotoxic C Rattus norvegicus growth 4.00 × 102 670 152  
17804352 other Anas platyrhynchos reproduction 3.22 × 102 154 152  
17804352 other Colinus virginianus reproduction 3.60 × 103 154 152  
17804352 other Rattus norvegicus reproduction 2.00 × 102 73 152  
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17804352 other Rattus norvegicus reproduction 1.00 × 103 36 152  
19666309 narcotic A Anas platyrhynchos reproduction 1.00 × 103 140 152  
19666309 narcotic A Colinus virginianus reproduction 5.00 × 102 147 152  
21725462 phytotoxic A Anas platyrhynchos survival 1.60 × 101 147 152  
21725462 phytotoxic A Colinus virginianus survival 1.00 × 102 154 152  
21725462 phytotoxic A Anas platyrhynchos reproduction 1.60 × 101 147 152  
21725462 phytotoxic A Colinus virginianus reproduction 1.00 × 102 154 152  
22248799 neurotoxic C Gallus domesticus growth 4.00 × 102 364 152  
22248799 neurotoxic C Gallus domesticus growth 1.50 × 102 56 152  
22248799 neurotoxic C Gallus domesticus growth 5.00 × 102 42 152  
22248799 neurotoxic C Mus musculus growth 3.20 × 102 350 152  
22248799 neurotoxic C Mus musculus growth 1.60 × 103 721 152  
22967926 reactive (metal) Anas platyrhynchos growth 2.38 × 100 30 152  
22967926 reactive (metal) Gallus domesticus growth 2.38 × 100 30 152  
22967926 reactive (metal) Phasianus colchicus growth 2.38 × 100 30 152  
22967926 reactive (metal) Rattus norvegicus growth 3.90 × 100 116 152  
22967926 reactive (metal) Rattus norvegicus growth 3.90 × 100 116 152  
22967926 reactive (metal) Rattus norvegicus growth 4.29 × 10–1 3 generations 61 
22967926 reactive (metal) Anas platyrhynchos survival 2.38 × 100 30 152  
22967926 reactive (metal) Bureo jamaicensis survival 2.40 × 100 84 153  
22967926 reactive (metal) Colinus virginianus survival 3.69 × 100 42 61 
22967926 reactive (metal) Coturnix japonica survival 1.22 × 100 63 61 
22967926 reactive (metal) Gallus domesticus survival 2.38 × 100 30 152  
22967926 reactive (metal) Neovison vison survival 1.03 × 100 93 61 
22967926 reactive (metal) Phasianus colchicus survival 2.38 × 100 30 152  
22967926 reactive (metal) Poephila guttata survival 2.15 × 100 76 152  
22967926 reactive (metal) Falco sparverius reproduction 9.35 × 100 91 152  
22967926 reactive (metal) Rattus norvegicus reproduction 4.29 × 10–1 3 generations 61 
23031369 neurotoxic A Anas platyrhynchos survival 1.20 × 102 147 152  
23031369 neurotoxic A Colinus virginianus survival 3.60 × 102 154 152  
23031369 neurotoxic A Anas platyrhynchos reproduction 1.20 × 102 147 152  
23031369 neurotoxic A Colinus virginianus reproduction 3.60 × 102 154 152  
23103982 neurotoxic C Anas platyrhynchos reproduction 6.00 × 101 154 152  
23103982 neurotoxic C Colinus virginianus reproduction 3.00 × 102 140 152  
23135220 neurotoxic C Mus musculus growth 2.50 × 101 91 152  
23135220 neurotoxic C Rattus norvegicus growth 5.00 × 101 105 152  
23135220 neurotoxic C Rattus norvegicus growth 1.50 × 102 115 152  
23422539 neurotoxic C Anas platyrhynchos reproduction 5.30 × 101 161 152  
23422539 neurotoxic C Colinus virginianus reproduction 5.30 × 101 154 152  
23564058 other Anas platyrhynchos reproduction 1.03 × 102 189 152  
23564058 other Colinus virginianus reproduction 1.50 × 102 140 152  
23564058 other Colinus virginianus reproduction 5.00 × 102 168 152  
25311711 neurotoxic C Anas platyrhynchos survival 7.50 × 101 126 152  
25311711 neurotoxic C Colinus virginianus survival 5.00 × 101 147 152  
25954136 no MoA Anas platyrhynchos reproduction 1.16 × 104 147 152  
25954136 no MoA Colinus virginianus reproduction 4.00 × 103 154 152  
26530201 no MoA Mus musculus growth 1.00 × 103 548 152  
26530201 no MoA Rattus norvegicus growth 2.00 × 103 91 152  
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26644462 fungitoxic B Anas platyrhynchos reproduction 1.00 × 102 154 152  
26644462 fungitoxic B Colinus virginianus reproduction 1.00 × 102 154 152  
28249776 phytotoxic A Anas platyrhynchos reproduction 1.00 × 102 140 152  
28249776 phytotoxic A Anas platyrhynchos reproduction 1.15 × 102 189 152  
28249776 phytotoxic A Colinus virginianus reproduction 2.67 × 102 175 152  
28249776 phytotoxic A Colinus virginianus reproduction 5.62 × 102 56 152  
28249776 phytotoxic A Coturnix japonica reproduction 3.50 × 102 32 152  
29232937 neurotoxic C Gallus domesticus growth 5.00 × 101 49 152  
29232937 neurotoxic C Gallus domesticus growth 2.00 × 102 56 152  
29232937 neurotoxic C Rattus norvegicus growth 1.00 × 102 45 152  
30560191 neurotoxic C Anas platyrhynchos reproduction 5.00 × 100 112 152  
30560191 neurotoxic C Colinus virginianus reproduction 2.00 × 101 112 152  
30560191 neurotoxic C Mus musculus reproduction 5.00 × 102 42 152  
33089611 no MoA Anas platyrhynchos growth 2.46 × 101 203 152  
33089611 no MoA Capra hircus growth 5.00 × 100 36 152  
33089611 no MoA Colinus virginianus growth 4.00 × 101 168 152  
33089611 no MoA Colinus virginianus growth 2.46 × 101 252 152  
33089611 no MoA Mus musculus growth 4.00 × 101 84 152  
33089611 no MoA Rattus norvegicus growth 2.00 × 101 43 152  
33089611 no MoA Colinus virginianus reproduction 4.00 × 101 196 152  
33089611 no MoA Mus musculus reproduction 4.00 × 101 84 152  
34014181 phytotoxic A Anas platyrhynchos reproduction 1.00 × 102 154 152  
34014181 phytotoxic A Colinus virginianus reproduction 1.00 × 102 154 152  
34256821 no MoA Anas platyrhynchos survival 3.00 × 101 154 152  
34256821 no MoA Colinus virginianus survival 1.50 × 102 161 152  
34256821 no MoA Colinus virginianus survival 3.00 × 102 154 152  
34256821 no MoA Anas platyrhynchos reproduction 3.00 × 102 154 152  
34256821 no MoA Colinus virginianus reproduction 1.50 × 102 161 152  
34256821 no MoA Colinus virginianus reproduction 3.00 × 102 154 152  
35367385 other Anas platyrhynchos reproduction 4.00 × 101 154 152  
35367385 other Anas platyrhynchos reproduction 5.00 × 102 147 152  
35367385 other Anas platyrhynchos reproduction 2.50 × 102 91 152  
35367385 other Colinus virginianus reproduction 5.00 × 102 147 152  
35367385 other Colinus virginianus reproduction 2.50 × 102 154 152  
35367385 other Gallus domesticus reproduction 5.00 × 102 56 152  
35367385 other Gallus domesticus reproduction 2.50 × 102 252 152  
35367385 other Gallus gallus reproduction 2.50 × 102 91 152  
35367385 other Phasianus colchicus reproduction 2.50 × 102 91 152  
38641940 phytotoxic C Anas platyrhynchos reproduction 7.41 × 102 119 152  
38641940 phytotoxic C Colinus virginianus reproduction 7.41 × 102 119 152  
39515418 neurotoxic A Anas platyrhynchos reproduction 2.00 × 100 147 152  
39515418 neurotoxic A Colinus virginianus reproduction 2.00 × 100 147 152  
39515418 neurotoxic A Rattus norvegicus reproduction 2.50 × 102 91 152  
40487421 other Anas platyrhynchos reproduction 1.41 × 102 140 152  
40487421 other Colinus virginianus reproduction 1.41 × 103 147 152  
40596698 reactive (org.) Anas platyrhynchos survival 3.00 × 101 133 152  
40596698 reactive (org.) Colinus virginianus survival 3.00 × 101 140 152  
40596698 reactive (org.) Anas platyrhynchos reproduction 3.00 × 101 133 152  
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40596698 reactive (org.) Colinus virginianus reproduction 3.00 × 101 140 152  
41198087 neurotoxic C Anas platyrhynchos reproduction 3.00 × 101 140 152  
41198087 neurotoxic C Colinus virginianus reproduction 1.00 × 100 140 152  
43121433 fungitoxic B Anas platyrhynchos reproduction 5.00 × 102 161 152  
43121433 fungitoxic B Anas platyrhynchos reproduction 7.80 × 102 140 152  
43121433 fungitoxic B Colinus virginianus reproduction 5.87 × 102 154 152  
50471448 other Coturnix japonica growth 4.83 × 102 42 152  
50471448 other Rattus norvegicus growth 4.00 × 101 119 152  
50471448 other Rattus norvegicus growth 2.00 × 102 42 152  
50471448 other Rattus norvegicus growth 1.00 × 103 84 152  
50471448 other Rattus norvegicus growth 2.45 × 101 62 152  
50471448 other Rattus norvegicus growth 1.20 × 101 43 152  
50471448 other Anas platyrhynchos reproduction 5.00 × 101 274 152  
50471448 other Coturnix japonica reproduction 1.25 × 102 42 152  
50471448 other Rattus norvegicus reproduction 1.00 × 103 84 152  
50723803 phytotoxic A Anas platyrhynchos reproduction 4.00 × 101 61 152  
50723803 phytotoxic A Colinus virginianus reproduction 4.00 × 101 61 152  
50723803 phytotoxic A Colinus virginianus reproduction 8.00 × 102 133 152  
51218452 narcotic A Anas platyrhynchos reproduction 1.00 × 101 119 152  
51218452 narcotic A Anas platyrhynchos reproduction 8.00 × 102 140 152  
51218452 narcotic A Colinus virginianus reproduction 5.00 × 101 168 152  
51218452 narcotic A Colinus virginianus reproduction 4.03 × 102 140 152  
51235042 phytotoxic A Mus musculus growth 2.50 × 103 730 152  
51235042 phytotoxic A Rattus norvegicus growth 2.00 × 102 730 152  
51338273 phytotoxic A Anas platyrhynchos reproduction 2.00 × 102 140 152  
51338273 phytotoxic A Colinus virginianus reproduction 2.00 × 102 161 152  
51596113 no MoA Anas platyrhynchos reproduction 1.46 × 102 140 152  
51596113 no MoA Colinus virginianus reproduction 5.00 × 101 140 152  
51630581 neurotoxic A Canis familiaris growth 1.00 × 103 183 152  
51630581 neurotoxic A Gallus domesticus growth 2.00 × 101 60 152  
51630581 neurotoxic A Gallus domesticus growth 2.00 × 101 61 152  
51630581 neurotoxic A Mus musculus growth 2.50 × 102 730 152  
51630581 neurotoxic A Rattus norvegicus growth 5.00 × 102 42 152  
51630581 neurotoxic A Rattus norvegicus growth 1.50 × 103 140 152  
51630581 neurotoxic A Rattus norvegicus growth 1.00 × 103 728 152  
51630581 neurotoxic A Rattus norvegicus growth 7.50 × 101 64 152  
51630581 neurotoxic A Mus musculus survival 1.25 × 103 730 152  
51630581 neurotoxic A Mus musculus survival 3.00 × 102 609 152  
51630581 neurotoxic A Rattus norvegicus survival 1.50 × 103 852 152  
51630581 neurotoxic A Rattus norvegicus survival 1.00 × 103 728 152  
52315078 neurotoxic A Mus musculus growth 1.80 × 101 91 152  
52315078 neurotoxic A Rattus norvegicus growth 8.00 × 102 42 152  
52315078 neurotoxic A Rattus norvegicus growth 3.00 × 101 60 152  
52315078 neurotoxic A Rattus norvegicus growth 8.57 × 103 84 152  
52315078 neurotoxic A Rattus norvegicus growth 4.00 × 101 90 152  
52315078 neurotoxic A Anas platyrhynchos reproduction 5.00 × 101 84 152  
52315078 neurotoxic A Colinus virginianus reproduction 5.00 × 101 84 152  
52315078 neurotoxic A Rattus norvegicus reproduction 3.00 × 101 60 152  
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52645531 neurotoxic A Anas platyrhynchos reproduction 1.25 × 102 140 152  
52645531 neurotoxic A Colinus virginianus reproduction 5.00 × 102 140 152  
52918635 neurotoxic A Mus musculus growth 1.50 × 101 84 152  
52918635 neurotoxic A Mus musculus growth 8.00 × 100 91 152  
52918635 neurotoxic A Rattus norvegicus growth 5.00 × 101 42 152  
52918635 neurotoxic A Rattus norvegicus growth 1.00 × 100 112 152  
52918635 neurotoxic A Rattus norvegicus growth 8.00 × 10–2 37 152  
52918635 neurotoxic A Anas platyrhynchos reproduction 4.50 × 102 154 152  
52918635 neurotoxic A Colinus virginianus reproduction 4.50 × 102 161 152  
52918635 neurotoxic A Rattus norvegicus reproduction 1.00 × 100 112 152  
53112280 no MoA Anas platyrhynchos reproduction 1.52 × 102 147 152  
53112280 no MoA Colinus virginianus reproduction 9.69 × 102 161 152  
54593838 no MoA Anas platyrhynchos growth 5.00 × 100 133 152  
54593838 no MoA Rattus norvegicus growth 9.95 × 100 134 152  
54593838 no MoA Colinus virginianus reproduction 3.00 × 101 147 152  
54593838 no MoA Rattus norvegicus reproduction 1.00 × 100 134 152  
55179312 fungitoxic B Anas platyrhynchos reproduction 2.00 × 101 168 152  
55179312 fungitoxic B Colinus virginianus reproduction 1.00 × 101 175 152  
57837191 other Anas platyrhynchos reproduction 1.00 × 102 133 152  
57837191 other Anas platyrhynchos reproduction 9.00 × 102 161 152  
57837191 other Colinus virginianus reproduction 9.00 × 102 154 152  
57966957 other Anas platyrhynchos survival 1.00 × 102 147 152  
57966957 other Colinus virginianus survival 3.00 × 102 147 152  
57966957 other Anas platyrhynchos reproduction 1.00 × 102 147 152  
57966957 other Colinus virginianus reproduction 3.00 × 102 147 152  
59669260 neurotoxic C Anas platyrhynchos reproduction 5.00 × 102 147 152  
59669260 neurotoxic C Colinus virginianus reproduction 1.00 × 103 147 152  
60168889 fungitoxic B Anas platyrhynchos reproduction 2.50 × 102 154 152  
60168889 fungitoxic B Rattus norvegicus reproduction 5.00 × 101 228 152  
60207901 fungitoxic B Anas platyrhynchos reproduction 1.00 × 103 196 152  
60207901 fungitoxic B Colinus virginianus reproduction 4.64 × 103 196 152  
66215278 other Colinus virginianus growth 7.50 × 101 140 152  
66215278 other Gallus domesticus growth 3.00 × 102 175 152  
66215278 other Gallus domesticus growth 1.00 × 103 280 152  
66215278 other Gallus domesticus growth 3.00 × 101 245 152  
66215278 other Gallus domesticus growth 1.00 × 103 56 152  
66215278 other Gallus domesticus growth 2.00 × 103 77 152  
66215278 other Gallus domesticus growth 1.00 × 103 224 152  
66215278 other Meleagris gallopavo growth 3.54 × 102 112 152  
66215278 other Gallus domesticus survival 3.00 × 102 280 152  
66215278 other Gallus domesticus survival 1.00 × 103 273 152  
66215278 other Gallus domesticus survival 2.00 × 103 77 152  
66215278 other Gallus domesticus survival 1.00 × 103 224 152  
66215278 other Meleagris gallopavo survival 2.00 × 103 280 152  
66215278 other Anas platyrhynchos reproduction 7.50 × 101 133 152  
66215278 other Gallus domesticus reproduction 1.00 × 103 252 152  
66215278 other Gallus domesticus reproduction 3.00 × 101 280 152  
66215278 other Gallus domesticus reproduction 1.00 × 103 56 152  
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66215278 other Gallus domesticus reproduction 2.00 × 103 77 152  
66215278 other Gallus domesticus reproduction 1.00 × 103 224 152  
66215278 other Meleagris gallopavo reproduction 1.00 × 103 245 152  
66215278 other Meleagris gallopavo reproduction 2.00 × 103 266 152  
66332965 other Anas platyrhynchos survival 1.92 × 103 147 152  
66332965 other Colinus virginianus survival 1.92 × 103 147 152  
66441234 other Anas platyrhynchos reproduction 1.80 × 102 161 152  
66441234 other Colinus virginianus reproduction 3.00 × 101 161 152  
66841256 neurotoxic A Anas platyrhynchos reproduction 3.00 × 102 140 152  
66841256 neurotoxic A Colinus virginianus reproduction 3.00 × 102 140 152  
67485294 no MoA Anas platyrhynchos reproduction 2.85 × 101 147 152  
67485294 no MoA Colinus virginianus reproduction 5.70 × 101 147 152  
68359375 neurotoxic A Anas platyrhynchos reproduction 2.50 × 102 168 152  
68359375 neurotoxic A Colinus virginianus reproduction 1.00 × 103 35 152  
68359375 neurotoxic A Rattus norvegicus reproduction 1.50 × 102 139 152  
68694111 fungitoxic B Anas platyrhynchos reproduction 1.00 × 103 147 152  
68694111 fungitoxic B Colinus virginianus reproduction 1.00 × 103 176 152  
69806344 no MoA Anas platyrhynchos reproduction 3.00 × 102 161 152  
69806344 no MoA Colinus virginianus reproduction 1.00 × 102 140 152  
69806504 narcotic C Anas platyrhynchos reproduction 5.00 × 101 161 152  
69806504 narcotic C Colinus virginianus reproduction 5.00 × 101 217 152  
70630170 no MoA Anas platyrhynchos reproduction 9.00 × 102 147 152  
70630170 no MoA Colinus virginianus reproduction 9.00 × 102 168 152  
74051802 other Anas platyrhynchos reproduction 1.00 × 102 147 152  
74051802 other Colinus virginianus reproduction 1.00 × 103 154 152  
74115245 neurotoxic C Anas platyrhynchos reproduction 2.70 × 102 154 152  
74115245 neurotoxic C Colinus virginianus reproduction 3.00 × 101 154 152  
76674210 no MoA Anas platyrhynchos reproduction 3.92 × 101 147 152  
76674210 no MoA Rattus norvegicus reproduction 2.40 × 102 239 152  
77182822 phytotoxic A Anas platyrhynchos reproduction 4.00 × 102 154 152  
77182822 phytotoxic A Colinus virginianus reproduction 4.00 × 102 154 152  
77501634 other Colinus virginianus growth 1.34 × 102 147 152  
77501634 other Mus musculus growth 5.00 × 101 49 152  
79277273 phytotoxic C Anas platyrhynchos reproduction 1.25 × 103 182 152  
79277273 phytotoxic C Colinus virginianus reproduction 1.25 × 103 175 152  
79538322 neurotoxic A Anas platyrhynchos reproduction 2.50 × 101 140 152  
79538322 neurotoxic A Colinus virginianus reproduction 2.50 × 101 140 152  
79622596 reactive (org.) Anas platyrhynchos survival 3.50 × 102 147 152  
79622596 reactive (org.) Colinus virginianus survival 2.00 × 102 154 152  
80844071 neurotoxic A Anas platyrhynchos reproduction 1.01 × 103 140 152  
80844071 neurotoxic A Colinus virginianus reproduction 1.02 × 103 154 152  
81334341 phytotoxic C Anas platyrhynchos reproduction 1.89 × 103 126 152  
81334341 phytotoxic C Colinus virginianus reproduction 1.67 × 103 147 152  
81334341 phytotoxic C Colinus virginianus reproduction 2.00 × 103 126 152  
81335775 phytotoxic C Anas platyrhynchos reproduction 1.08 × 103 140 152  
81335775 phytotoxic C Colinus virginianus reproduction 3.06 × 102 154 152  
82097505 phytotoxic C Anas platyrhynchos reproduction 1.00 × 103 133 152  
82097505 phytotoxic C Colinus virginianus reproduction 1.00 × 103 133 152  
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82558507 no MoA Anas platyrhynchos reproduction 3.00 × 102 168 152  
82558507 no MoA Colinus virginianus reproduction 1.00 × 103 168 152  
82657043 neurotoxic A Anas platyrhynchos reproduction 7.50 × 101 154 152  
82657043 neurotoxic A Colinus virginianus reproduction 7.50 × 101 168 152  
83588436 no MoA Anas platyrhynchos reproduction 2.10 × 103 196 152  
83588436 no MoA Colinus virginianus reproduction 2.14 × 103 196 152  
84087014 phytotoxic B Canis familiaris growth 1.30 × 103 365 152  
84087014 phytotoxic B Rattus norvegicus growth 1.22 × 104 91 152  
86479063 other Anas platyrhynchos survival 2.94 × 101 154 152  
86479063 other Colinus virginianus survival 2.95 × 101 154 152  
86479063 other Anas platyrhynchos reproduction 2.94 × 101 154 152  
86479063 other Colinus virginianus reproduction 2.95 × 101 154 152  
87820880 narcotic A Anas platyrhynchos reproduction 1.50 × 102 161 152  
87820880 narcotic A Colinus virginianus reproduction 1.50 × 102 168 152  
88671890 fungitoxic B Anas platyrhynchos reproduction 2.60 × 102 154 152  
88671890 fungitoxic B Colinus virginianus reproduction 6.00 × 101 133 152  
88671890 fungitoxic B Colinus virginianus reproduction 2.60 × 102 154 152  
88671890 fungitoxic B Rattus norvegicus reproduction 6.10 × 100 98 152  
88671890 fungitoxic B Rattus norvegicus reproduction 1.00 × 102 118 152  
88671890 fungitoxic B Rattus norvegicus reproduction 2.00 × 103 56 152  
88671890 fungitoxic B Rattus norvegicus reproduction 9.38 × 101 35 152  
91465086 neurotoxic A Anas platyrhynchos reproduction 3.00 × 101 133 152  
91465086 neurotoxic A Colinus virginianus reproduction 5.00 × 101 252 152  
94361065 fungitoxic B Anas platyrhynchos survival 1.00 × 101 154 152  
94361065 fungitoxic B Colinus virginianus survival 5.00 × 101 154 152  
94361065 fungitoxic B Anas platyrhynchos reproduction 1.00 × 101 154 152  
94361065 fungitoxic B Colinus virginianus reproduction 5.00 × 101 154 152  
95266403 no MoA Anas platyrhynchos reproduction 6.00 × 102 161 152  
95266403 no MoA Colinus virginianus reproduction 2.00 × 102 154 152  
95465999 narcotic A Anas platyrhynchos reproduction 5.00 × 101 154 152  
95465999 narcotic A Colinus virginianus reproduction 3.00 × 100 154 152  
95737681 narcotic A Anas platyrhynchos reproduction 6.00 × 102 147 152  
95737681 narcotic A Colinus virginianus reproduction 6.00 × 102 154 152  
96182535 no MoA Anas platyrhynchos reproduction 9.00 × 100 140 152  
96182535 no MoA Colinus virginianus reproduction 8.50 × 100 133 152  
96489713 other Anas platyrhynchos reproduction 1.00 × 102 147 152  
96489713 other Colinus virginianus reproduction 1.00 × 103 154 152  
98886443 neurotoxic C Anas platyrhynchos growth 2.17 × 101 133 152  
98886443 neurotoxic C Colinus virginianus growth 2.17 × 101 140 152  
98967409 phytotoxic C Anas platyrhynchos reproduction 6.00 × 102 126 152  
98967409 phytotoxic C Colinus virginianus reproduction 3.00 × 102 140 152  
99129212 other Anas platyrhynchos reproduction 8.33 × 102 133 152  
99129212 other Colinus virginianus reproduction 2.50 × 102 154 152  
100646513 no MoA Anas platyrhynchos reproduction 2.69 × 102 147 152  
100646513 no MoA Colinus virginianus reproduction 1.03 × 103 140 152  
100784201 no MoA Anas platyrhynchos reproduction 1.01 × 103 140 152  
100784201 no MoA Colinus virginianus reproduction 1.01 × 103 140 152  
104040780 no MoA Anas platyrhynchos reproduction 1.00 × 103 147 152  
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104040780 no MoA Colinus virginianus reproduction 4.84 × 102 147 152  
104098488 no MoA Anas platyrhynchos survival 5.38 × 102 154 152  
104098488 no MoA Colinus virginianus survival 1.19 × 103 168 152  
104206828 no MoA Anas platyrhynchos reproduction 1.20 × 102 154 152  
104206828 no MoA Colinus virginianus reproduction 3.00 × 103 154 152  
104653341 no MoA Anas platyrhynchos survival 5.00 × 10–1 30 152  
104653341 no MoA Colinus virginianus survival 2.50 × 10–1 30 152  
104653341 no MoA Mustela putorius survival 8.90 × 10–2 33 152  
104653341 no MoA Pica pica survival 9.50 × 10–1 33 152  
107534963 no MoA Anas platyrhynchos reproduction 7.58 × 101 196 152  
107534963 no MoA Colinus virginianus reproduction 7.58 × 101 217 152  
108731700 no MoA Anas platyrhynchos reproduction 4.60 × 101 161 152  
108731700 no MoA Colinus virginianus reproduction 5.00 × 101 217 152  
109293972 no MoA Anas platyrhynchos reproduction 1.05 × 103 147 152  
109293972 no MoA Colinus virginianus reproduction 1.05 × 103 147 152  
112226616 no MoA Anas platyrhynchos survival 3.00 × 102 154 152  
112226616 no MoA Colinus virginianus survival 6.00 × 102 154 152  
112226616 no MoA Anas platyrhynchos reproduction 3.00 × 102 154 152  
112226616 no MoA Colinus virginianus reproduction 6.00 × 102 154 152  
112281773 no MoA Anas platyrhynchos growth 1.00 × 101 154 152  
112281773 no MoA Colinus virginianus growth 2.50 × 101 154 152  
112281773 no MoA Anas platyrhynchos survival 1.00 × 101 154 152  
112281773 no MoA Colinus virginianus survival 2.50 × 101 154 152  
112410238 no MoA Anas platyrhynchos reproduction 1.00 × 103 140 152  
112410238 no MoA Colinus virginianus reproduction 6.15 × 102 140 152  
114311329 no MoA Anas platyrhynchos reproduction 2.00 × 103 147 152  
114311329 no MoA Colinus virginianus reproduction 2.00 × 103 147 152  
114369436 no MoA Anas platyrhynchos reproduction 3.00 × 102 140 152  
114369436 no MoA Colinus virginianus reproduction 1.50 × 102 147 152  
116714466 no MoA Anas platyrhynchos reproduction 9.80 × 100 154 152  
116714466 no MoA Colinus virginianus reproduction 3.01 × 102 154 152  
117337196 no MoA Anas platyrhynchos reproduction 1.00 × 102 154 152  
117337196 no MoA Colinus virginianus reproduction 1.00 × 102 168 152  
117718602 no MoA Anas platyrhynchos reproduction 3.00 × 102 133 152  
117718602 no MoA Colinus virginianus reproduction 1.20 × 103 140 152  
119446683 no MoA Anas platyrhynchos reproduction 1.25 × 102 126 152  
119446683 no MoA Colinus virginianus reproduction 1.08 × 102 140 152  
119446683 no MoA Colinus virginianus reproduction 1.25 × 102 154 152  
120068373 no MoA Mus musculus growth 1.10 × 102 42 152  
120068373 no MoA Mus musculus growth 1.50 × 102 49 152  
120068373 no MoA Mus musculus growth 2.50 × 101 91 152  
120068373 no MoA Rattus norvegicus growth 3.00 × 101 182 152  
120068373 no MoA Rattus norvegicus growth 3.00 × 102 91 152  
120068373 no MoA Rattus norvegicus growth 5.00 × 100 84 152  
120068373 no MoA Anas platyrhynchos reproduction 1.00 × 103 161 152  
120068373 no MoA Colinus virginianus reproduction 1.00 × 101 140 152  
120068373 no MoA Rattus norvegicus reproduction 3.00 × 101 70 152  
120116883 no MoA Anas platyrhynchos survival 5.10 × 103 133 152  
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120116883 no MoA Colinus virginianus survival 1.68 × 102 147 152  
120116883 no MoA Anas platyrhynchos reproduction 5.10 × 103 133 152  
120116883 no MoA Colinus virginianus reproduction 1.68 × 102 147 152  
120116883 no MoA Coturnix coturnix reproduction 2.70 × 101 140 152  
120928098 no MoA Anas platyrhynchos reproduction 1.00 × 103 140 152  
120928098 no MoA Colinus virginianus reproduction 2.87 × 102 140 152  
122008859 no MoA Anas platyrhynchos reproduction 7.36 × 102 147 152  
122008859 no MoA Colinus virginianus reproduction 8.00 × 102 140 152  
123312890 no MoA Anas platyrhynchos growth 1.00 × 102 147 152  
123312890 no MoA Colinus virginianus growth 1.00 × 102 140 152  
123312890 no MoA Anas platyrhynchos survival 1.00 × 102 147 152  
123312890 no MoA Colinus virginianus survival 1.00 × 102 140 152  
125225287 no MoA Anas platyrhynchos reproduction 1.97 × 102 147 152  
125225287 no MoA Colinus virginianus reproduction 4.85 × 101 147 152  
125401925 no MoA Anas platyrhynchos reproduction 1.00 × 103 140 152  
125401925 no MoA Colinus virginianus reproduction 1.00 × 103 140 152  
126535157 no MoA Anas platyrhynchos reproduction 4.00 × 101 140 152  
126535157 no MoA Colinus virginianus reproduction 1.25 × 102 154 152  
126535157 no MoA Colinus virginianus reproduction 2.50 × 102 147 152  
127277536 no MoA Anas platyrhynchos reproduction 1.00 × 103 161 152  
127277536 no MoA Colinus virginianus reproduction 1.00 × 103 154 152  
128639021 no MoA Anas platyrhynchos reproduction 1.00 × 103 154 152  
128639021 no MoA Colinus virginianus reproduction 1.00 × 103 161 152  
129909906 no MoA Colinus virginianus growth 2.11 × 101 147 152  
129909906 no MoA Rattus norvegicus growth 2.30 × 100 363 152  
129909906 no MoA Anas platyrhynchos reproduction 2.71 × 101 140 152  
129909906 no MoA Colinus virginianus reproduction 2.11 × 101 147 152  
131341861 no MoA Anas platyrhynchos reproduction 7.14 × 102 154 152  
131341861 no MoA Colinus virginianus reproduction 1.25 × 102 154 152  
131807573 no MoA Anas platyrhynchos survival 4.60 × 101 147 152  
131807573 no MoA Colinus virginianus survival 4.00 × 101 140 152  
131807573 no MoA Anas platyrhynchos reproduction 4.60 × 101 147 152  
131807573 no MoA Colinus virginianus reproduction 4.00 × 101 140 152  
131860338 no MoA Anas platyrhynchos survival 1.20 × 103 161 152  
131860338 no MoA Colinus virginianus survival 1.20 × 103 154 152  
131860338 no MoA Anas platyrhynchos reproduction 1.20 × 103 161 152  
131860338 no MoA Colinus virginianus reproduction 1.20 × 103 154 152  
131983727 no MoA Anas platyrhynchos reproduction 2.36 × 102 147 152  
131983727 no MoA Colinus virginianus reproduction 1.72 × 102 154 152  
131983727 no MoA Colinus virginianus reproduction 2.86 × 102 147 152  
134098616 no MoA Anas platyrhynchos reproduction 3.50 × 101 161 152  
134098616 no MoA Anas platyrhynchos reproduction 2.55 × 102 140 152  
134098616 no MoA Colinus virginianus reproduction 2.54 × 102 140 152  
135410207 no MoA Anas platyrhynchos growth 6.02 × 101 154 152  
135410207 no MoA Colinus virginianus growth 8.97 × 101 147 152  
135410207 no MoA Colinus virginianus growth 2.50 × 102 183 152  
138261413 no MoA Anas platyrhynchos growth 1.25 × 102 147 152  
138261413 no MoA Colinus virginianus growth 1.26 × 102 140 152  
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139968493 no MoA Anas platyrhynchos reproduction 1.50 × 101 161 152  
139968493 no MoA Colinus virginianus reproduction 7.60 × 100 147 152  
139968493 no MoA Colinus virginianus reproduction 2.00 × 101 56 152  
141517217 no MoA Anas platyrhynchos reproduction 5.00 × 102 140 152  
141517217 no MoA Colinus virginianus reproduction 3.20 × 102 147 152  
142459583 no MoA Anas platyrhynchos growth 8.80 × 101 147 152  
142459583 no MoA Colinus virginianus growth 4.41 × 102 154 152  
143390890 no MoA Anas platyrhynchos reproduction 1.00 × 103 161 152  
143390890 no MoA Colinus virginianus reproduction 5.00 × 102 182 152  
145701231 no MoA Anas platyrhynchos reproduction 1.50 × 103 161 152  
145701231 no MoA Colinus virginianus reproduction 1.50 × 103 147 152  
147150354 no MoA Anas platyrhynchos reproduction 1.27 × 102 147 152  
147150354 no MoA Colinus virginianus reproduction 6.54 × 102 147 152  
148477718 no MoA Anas platyrhynchos reproduction 7.34 × 102 140 152  
148477718 no MoA Colinus virginianus reproduction 6.91 × 102 154 152  
149877418 no MoA Anas platyrhynchos reproduction 2.00 × 101 181 152  
149877418 no MoA Anas platyrhynchos reproduction 1.20 × 102 147 152  
149877418 no MoA Colinus virginianus reproduction 2.50 × 102 161 152  
150114719 no MoA Anas platyrhynchos reproduction 2.62 × 103 140 152  
150114719 no MoA Colinus virginianus reproduction 2.61 × 103 140 152  
153233911 no MoA Anas platyrhynchos reproduction 9.69 × 102 161 152  
153233911 no MoA Colinus virginianus reproduction 2.86 × 102 175 152  
155569918 no MoA Anas platyrhynchos reproduction 4.00 × 101 140 152  
155569918 no MoA Colinus virginianus reproduction 1.25 × 102 154 152  
156052685 no MoA Anas platyrhynchos reproduction 1.00 × 103 154 152  
156052685 no MoA Colinus virginianus reproduction 1.00 × 103 154 152  
158062670 no MoA Anas platyrhynchos reproduction 4.15 × 102 140 152  
158062670 no MoA Colinus virginianus reproduction 1.03 × 103 147 152  
161050584 no MoA Anas platyrhynchos reproduction 7.80 × 102 154 152  
161050584 no MoA Colinus virginianus reproduction 5.20 × 102 154 152  
161326347 no MoA Anas platyrhynchos reproduction 1.61 × 103 168 152  
161326347 no MoA Colinus virginianus reproduction 1.64 × 103 145 152  
163520330 no MoA Anas platyrhynchos reproduction 3.72 × 101 140 152  
163520330 no MoA Colinus virginianus reproduction 9.30 × 102 140 152  
173159574 no MoA Anas platyrhynchos reproduction 1.00 × 103 140 152  
173159574 no MoA Colinus virginianus reproduction 1.00 × 103 140 152  
173584446 no MoA Anas platyrhynchos growth 2.00 × 102 161 152  
173584446 no MoA Colinus virginianus growth 1.44 × 102 147 152  
175013180 no MoA Anas platyrhynchos reproduction 1.06 × 103 154 152  
175013180 no MoA Colinus virginianus reproduction 1.06 × 103 161 152  
178928706 no MoA Anas platyrhynchos reproduction 1.98 × 103 147 152  
178928706 no MoA Colinus virginianus reproduction 9.82 × 102 154 152  
179101816 no MoA Anas platyrhynchos reproduction 2.08 × 102 154 152  
179101816 no MoA Colinus virginianus reproduction 1.57 × 102 147 152  
181274179 no MoA Anas platyrhynchos reproduction 2.23 × 102 147 152  
181274179 no MoA Colinus virginianus reproduction 1.31 × 103 161 152  
183675823 no MoA Anas platyrhynchos reproduction 1.52 × 103 140 152  
183675823 no MoA Colinus virginianus reproduction 5.09 × 103 154 152  
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188425856 no MoA Anas platyrhynchos reproduction 1.00 × 103 154 152  
188425856 no MoA Colinus virginianus reproduction 3.00 × 102 154 152  
188489078 no MoA Anas platyrhynchos reproduction 1.64 × 102 140 152  
188489078 no MoA Colinus virginianus reproduction 1.04 × 103 140 152  
203313251 no MoA Anas platyrhynchos growth 8.90 × 101 147 152  
203313251 no MoA Colinus virginianus growth 2.64 × 102 154 152  
203313251 no MoA Anas platyrhynchos reproduction 2.88 × 101 154 152  
203313251 no MoA Colinus virginianus reproduction 2.64 × 102 154 152  
208465218 no MoA Anas platyrhynchos reproduction 9.90 × 102 140 152  
208465218 no MoA Colinus virginianus reproduction 1.00 × 103 140 152  
210880925 no MoA Anas platyrhynchos reproduction 5.25 × 102 147 152  
210880925 no MoA Colinus virginianus reproduction 2.05 × 102 147 152  
213464778 no MoA Anas platyrhynchos reproduction 1.28 × 103 147 152  
213464778 no MoA Colinus virginianus reproduction 1.28 × 103 147 152  
219714962 no MoA Anas platyrhynchos growth 5.01 × 102 161 152  
219714962 no MoA Colinus virginianus growth 2.31 × 102 154 152  
220899036 no MoA Anas platyrhynchos reproduction 8.48 × 102 154 152  
220899036 no MoA Colinus virginianus reproduction 1.32 × 103 154 152  
283594901 no MoA Anas platyrhynchos reproduction 7.66 × 101 140 152  
283594901 no MoA Anas platyrhynchos reproduction 7.25 × 102 147 152  
283594901 no MoA Colinus virginianus reproduction 7.50 × 101 154 152  
283594901 no MoA Colinus virginianus reproduction 6.98 × 102 161 152  
317815831 no MoA Anas platyrhynchos reproduction 2.04 × 102 147 152  
317815831 no MoA Colinus virginianus reproduction 6.33 × 102 154 152  
335104842 no MoA Anas platyrhynchos growth 6.53 × 101 140 152  
335104842 no MoA Colinus virginianus growth 6.53 × 101 147 152  
335104842 no MoA Anas platyrhynchos survival 6.53 × 101 140 152  
335104842 no MoA Colinus virginianus survival 6.53 × 101 147 152  
335104842 no MoA Anas platyrhynchos reproduction 6.53 × 101 140 152  
335104842 no MoA Colinus virginianus reproduction 6.53 × 101 147 152  
361377299 no MoA Anas platyrhynchos reproduction 4.61 × 102 147 152  
361377299 no MoA Colinus virginianus reproduction 1.03 × 103 154 152  
365400119 no MoA Anas platyrhynchos growth 1.67 × 102 140 152  
365400119 no MoA Colinus virginianus growth 2.05 × 102 154 152  
374726622 no MoA Anas platyrhynchos reproduction 1.06 × 103 140 152  
374726622 no MoA Colinus virginianus reproduction 1.06 × 103 140 152  
422556089 no MoA Anas platyrhynchos reproduction 4.99 × 102 154 152  
422556089 no MoA Colinus virginianus reproduction 1.00 × 103 182 152  
658066354 no MoA Anas platyrhynchos growth 1.83 × 102 133 152  
658066354 no MoA Colinus virginianus growth 9.69 × 100 154 152  
658066354 no MoA Colinus virginianus growth 2.37 × 102 161 152  
874967676 no MoA Anas platyrhynchos reproduction 1.05 × 103 154 152  




 Table S4.2 The ks values for estimating HC5 values at three levels of confidence (50, 95, and 5%) as a 
function of the number of species tested ns.
156 
ns   50%   95%   5%   
4 1.8295 5.1439 0.7433 
5 1.7793 4.2027 0.8178 
6 1.7505 3.7077 0.8748 
7 1.7318 3.3995 0.9204 
8 1.7187 3.1873 0.9580 
9 1.7091 3.0312 0.9899 
10 1.7016 2.9110 1.0173 
11 1.6957 2.8150 1.0413 
12 1.6910 2.7363 1.0625 
13 1.6870 2.6705 1.0814 
14 1.6837 2.6144 1.0985 
15 1.6808 2.5660 1.1140 
20 1.6712 2.3960 1.1746 
30 1.6620 2.2198 1.2498 
50 1.6549 2.0650 1.3294 
100 1.6498 1.9265 1.4143 
200 1.6473 1.8372 1.4778 
500 1.6458 1.7630 1.5367 




 Table S4.3 Log10 HC5 values (with corresponding 95% confidence intervals) calculated from log10–
transformed NOECs (mg·kg–1 wet weight in food) for substances tested on at least 4 different 
species (ns ≥ 4) on the endpoint of growth, reproduction, and survival. 
compound CAS growth reproduction survival 
4,4'–DDE 72559    
4,4'–DDT 50293 1.30 (–0.25, 1.80) 0.46 (–0.88, 1.00) 1.00 (–0.12, 1.54) 
amitraz 33089611 0.67 (–0.19, 1.01)   
atrazine 1912249    
benfluralin 1861401    
boric acid 10043353 1.96 (0.44, 2.57)   
bromacil 314409    
cadmium 7440439 0.21 (–0.69, 0.67)   
carbaryl 63252 1.72 (0.11, 2.36) 1.95 (0.74, 2.49) 1.79 (–0.30, 2.47) 
carbofuran 1563662 1.70 (0.74, 2.01)   
chlorotetracycline 57625 0.22 (–2.25, 1.03)   
chlorpyrifos 2921882 0.06 (–2.22, 0.80) 1.33 (0.27, 1.68)  
copper 7440508 0.96 (0.36, 1.32) 1.16 (–0.20, 1.78)  
cymperator 52315078    
cyromazine 66215278    
deltamethrin 52918635    
diazinon 333415  0.43 (–0.65, 0.79)  
dichlorvos 62737 0.45 (–1.02, 0.93) 0.23 (–1.45, 0.78)  
dicofol 115322 0.72 (–0.54, 1.22) 0.24 (–2.24, 1.06)  
dieldrin 60571  –0.05 (–0.71, 0.27) –0.14 (–0.93, 0.24) 
difethialone 104653341   –1.30 (–2.76, –0.82) 
diflubenzuron 35367385  2.19 (1.87, 2.32)  
dimethoate 60515    
endosulfan 115297    
endrin 72208    
fenitrothion 122145    
fenvalerate 51630581 0.99 (–1.46, 1.80)   
ferrous sulfate 7720787 1.85 (0.76, 2.20)   
fipronil 120068373    
hexachlorobenzene 118741    
lead 7439921 1.53 (0.03, 2.20)   
lindane 58899    
mercaptodimethur 2032657    
mercury 7439976   –0.40 (–2.37, 0.24) 
methylmercury 22967926    
methylparathion 298000    
propoxur 114261    
quintozine 82688 2.06 (1.11, 2.48) 2.54 (1.01, 3.04)  
sodium fluoride 7681494 0.61 (–1.18, 1.32)   
trifluralin 1582098 1.32 (–0.38, 1.99)   








Figure S4.1 Species sensitivity distribution ( SSD) of 41 substances based on growth ( ), 
reproduction ( ), survival ( ), and a combination thereof ( ). The SSD was fitted to 
NOECs with effects on growth ( ), reproduction ( ), survival ( ), and a combination thereof ( ). 
The fit of the model was evaluated using the Anderson–Darling (A–D) test. All SSDs below passed the 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 Table S4.6 Comparison of log10 HC5s, means μ̂, and standard deviations σ̂ of log10–transformed 
NOECs (mg·kg–1 wet weight in food) reported in different studies. The term ns represents the 
number of different species tested. 
substance 
Luttik et al.62  Spurgeon and Hopkin63  present study 
log10 HC5 μ̂ σ̂ ns  log10 HC5 μ̂ σ̂ ns  log10 HC5 μ̂ σ̂ ns 
cadmium –0.46 0.9 0.79 9  –0.40 0.9 0.75 11  0.01 1.1 0.62 10 
4,4'–DDT –0.32 1.2 0.89 13  
    
 0.41 1.8 0.80 9 
dieldrin –0.42 0.4 0.49 13  
    
 –0.21 0.6 0.45 10 
lead 
    
 0.93 2.3 0.91 8  1.53 2.8 0.74 8 
lindane 0.06 1.4 0.74 5  
    
 0.54 1.6 0.56 4 




 Table S4.7 The Mode of Action (MoA) in aquatic species (fish and invertebrates) from ASTER and 
classified according to Hendriks et al.26,140 compared with the MoA in birds and mammals. 
CAS 
MoA in aquatic 
species 
MoA in birds or mammals 
source birds or 
mammals 
52315078 neurotoxic A sodium channel modulatora 168  
52918635 neurotoxic A sodium channel modulatora 168  
52645531 neurotoxic A sodium channel modulatora 167,168 
51630581 neurotoxic A sodium channel modulatora 168  
58899 neurotoxic B inhibition of Cl transportb 167,168,170 
16752775 neurotoxic C inhibition of acetylcholinec 166  
563122 neurotoxic C inhibition of acetylcholinec 166  
63252 neurotoxic C inhibition of acetylcholinec 166,167 
333415 neurotoxic C inhibition of acetylcholinec 166–168  
62737 neurotoxic C inhibition of acetylcholinec 166,167 
13171216 neurotoxic C inhibition of acetylcholinec 166  
22248799 neurotoxic C inhibition of acetylcholinec 166,168 
141662 neurotoxic C inhibition of acetylcholinec 166  
944229 neurotoxic C inhibition of acetylcholinec 166  
7786347 neurotoxic C inhibition of acetylcholinec 166,170 
13071799 neurotoxic C inhibition of acetylcholinec 166  
298000 neurotoxic C inhibition of acetylcholinec 166,170 
300765 neurotoxic C inhibition of acetylcholinec 166  
60515 neurotoxic C inhibition of acetylcholinec 166,167 
122145 neurotoxic C inhibition of acetylcholinec 166  
1563662 neurotoxic C inhibition of acetylcholinec 166,167 
56382 neurotoxic C inhibition of acetylcholinec 166,167 
298022 neurotoxic C inhibition of acetylcholinec 166,167 
2032657 neurotoxic C inhibition of acetylcholinec 166,170 
2921882 neurotoxic C inhibition of acetylcholinec 167  
114261 neurotoxic C inhibition of acetylcholinec 168  
732116 neurotoxic C inhibition of acetylcholinec 168  
56724 neurotoxic C inhibition of acetylcholinec 168  
7440439 reactive (metal) binding to e.g., –SH, –NH2, and –COOH
d 169  
7440508 reactive (metal) binding to e.g., –SH, –NH2, and –COOH
d 169  
7439921 reactive (metal) binding to e.g., –SH, –NH2, and –COOH
d 169  
7440666 reactive (metal) binding to e.g., –SH, –NH2, and –COOH
d 169  
7440473 reactive (metal) binding to e.g., –SH, –NH2, and –COOH
d 169  
7631994 reactive (metal) binding to e.g., –SH, –NH2, and –COOH
d 169  
10102188 reactive (metal) binding to e.g., –SH, –NH2, and –COOH
d 169  
22967926 reactive (metal) binding to e.g., –SH, –NH2, and –COOH
d 166,167,169 
7439976 reactive (metal) binding to e.g., –SH, –NH2, and –COOH
d 167,169 
79622596 reactive (org.) uncoupling of oxidative phosphorylatione 166  
87865 respirotoxic A blocking cholinergic neuromuscular 168  
83794 respirotoxic B inhibition of mitochondrial electron transporte 166,168 
64175 narcotic A induction of proteins (CYP2E1) e 167  
120068373 no MoA inhibition of Cl transporte 166,168 
57625 no MoA inhibition of protein synthesise 168  
104653341 no MoA prevention of blood coagulatione 168  
138261413 no MoA acetylcholine receptor (nAChR) agoniste 168  
3691358 no MoA prevention of blood coagulatione 166,167 
aCorreponds with neurotoxic A in Hendriks et al.26,140 bCorreponds with neurotoxic B in Hendriks et al.26,140 
cCorreponds with neurotoxic C in Hendriks et al.26,140 dCorreponds with reactive (metal) in Hendriks 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S4.2 Flowchart visualizing the selection of chemical data from the TCM database and the 
number of samples omitted for each step. n represents the number of measured samples. aBelgium, 
Denmark, Germany Iceland, Ireland, Norway, Sweden, The Netherlands, and United Kingdom. bAs 
the majority of G. Morhua samples were measured in one country, this species was not choses as an 
example in the present study. P. flesus was chosen as an example species because the number of 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 Text section S6.1 Derivation of Equation 6.3 
The ratio between the rates of increase of the population under contaminated conditions 
r(C) and reference conditions r(0) is calculated as197 
( )
( )
( ) ( )






























( ) LfLCC /1501 1 =+ β
 (S6.2) 
and 
( ) EfECC /1501 1 =+ β
 (S6.3) 
where fL and fE represent the survival and reproduction under contaminated conditions, 
respectively, relative to the survival and reproduction rates in reference conditions. Under 
the assumption that the effects of the various anthropogenic and natural stress factors 
included in this study are purely additive260, the ratio of increase rates of the population 
under multiple stress conditions r(S)/r(0) can be related to temperature T, salinity S, 
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 Table S6.1 Measured values for Eurytemora affinis abundance (ind.· m–3), temperature (°C), salinity 
(‰), chlorophyll a (µg chl a·L–1), metal concentrations (mg·kg–1 dry weight), and total organic carbon 








SE  DZE 
mean range n  mean range n 
E. affinis adults 996.5 20 – 5.3 × 103 32  3.6·103 0 – 5.3 × 104 142 
temperature 14.0 4.7 – 25.2 106  10.3 –0.6 – 25.2 1.4 × 103 
salinity 9.8 2.8 – 15.4 47  6.2 2.8 – 12.0 1.4 × 103 
chlorophyll a 5.9 1.0 – 28.0 106  50.6 11.1 – 124.1 1.4 × 103 
Cd 4.0 0.9 – 7.1 105  0.5 0.5 – 0.6 6 
Cu 66.5 46.5 – 214.4 105  32.8 17.1 – 42.0 6 
Zn 399.8 310.0 – 598.0 105  182.4 144.0 – 207.0 6 











Figure S6.2 The ratio of increase rates of the population r(Si)/r(0) calculated for the Scheldt estuary 
(SE) and the Darß–Zingst estuary (DZE) as a function of (A) temperature, (B) salinity, (C) 




Figure S6.3 Results of the sensitivity analysis with changes in (A) survival parameters (reproduction 
parameters unchanged) and (B) reproduction parameters (survival parameters unchanged). The 
value of the slope of the curve a was changed by –15, +15, and 0%, representing higher, lower, and 
no change in tolerance to temperature, respectively. The optimal temperature To was changed by –






Figure S6.4 The effect of a 0.5°C change in water temperature on the population density N(t) in DZE. 
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 Summary 
An estuary is a semi–enclosed body of water, where fresh water from rivers and streams 
meets the salt water of oceans and seas. Estuaries have strong gradients in many physical 
and chemical variables, such as salinity, temperature, nutrients, pH, and oxygen. Estuaries 
are also subject to many anthropogenic activities, such as pollution, recreation, and 
overfishing. As a result, organisms in estuaries are potentially exposed to multiple toxic and 
non–toxic stressors of both natural and anthropogenic origin. Quantifying the effects of 
these stressors is important for a solid underpinning of conservation and restoration 
measures. The central aim of this thesis was to quantify the effects of multiple toxic and 
non–toxic stressors on biota in estuaries, with a focus on population–level effects (Chapter 
1). Taxonomic groups included copepods (small crustaceans), birds, and mammals. 
Copepods play an important role in estuarine food chains because they are a key trophic 
link between primary producers and fish. Birds and mammals are often used as indicators 
of ecosystem health 
Although some copepod species are well–studied, for many other copepod species much 
less is known about the stressors that shape their distribution. Therefore, potentially 
important copepod stressors were identified by sampling physiochemical parameters and 
the abundance of copepod species in Portobello Bay, New Zealand (Chapter 2). Linear 
mixed effects models were used to determine the relationship between physical factors and 
species abundance as well as to examine species interactions. Six copepod species were 
present at the study site. Distribution of species was found to be significantly correlated to 
sediment size, organic content, tidal reach, salinity, and pH. In addition to these 
physiochemical factors, interaction between species (possible competition) also affected 
copepod abundance. 
Organisms can accumulate substances, which may lead to internal concentrations that are 
higher than the concentrations in the immediate environment. Accumulation data are often 
used in ecological risk assessment, but such data are scarce for nonylphenol (NP) and 
nonylphenol ethoxylates (NPEOs). Therefore, the accumulation behavior of these 
substances in estuarine food chains was estimated with the OMEGA bioaccumulation 
model (Chapter 3). The model results were compared with independent field measurements. 
The estimated biota–sediment accumulation factors for NP and NPEOs were below 1 for all 
trophic levels. The estimated biomagnification factors (BMFs) were around 1 for all trophic 
levels except for the highest level (birds and mammals). For this trophic level, the estimated 
BMF varied between 0.1 and 2.4, depending on the biotransformation capacity assumed in 
the model. The accumulation estimates that accounted for biotransformation of NPEOs into 
NP were closer to the field data than model estimates that did not include 
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 biotransformation, indicating that NP formation by biotransformation of NPEOs might 
occur in organisms. 
Species sensitivity distributions (SSDs) are commonly used as stressor–response 
relationships for chemicals. Although SSDs based on no observed effect concentration 
(NOEC) are often preferred in ecological risk assessment, NOEC–based SSDs for birds and 
mammals have been derived only for six substances so far. Therefore, NOEC–based SSDs 
were derived specifically for birds and mammals for 41 individual substances as well as for 
subsets of substances aggregated based on their toxic Mode of Action (MoA) (Chapter 4). 
In addition, potential differences in SSD parameters (mean and slope) were investigated in 
relation to MoA and endpoint (growth, reproduction, survival). The means for neurotoxic 
and respirotoxic compounds were significantly lower than those of narcotics, whereas no 
differences were found between endpoints. The slopes of the SSDs were similar across 
MoAs and endpoints. Finally, the NOEC–based SSDs were used to calculate the Ecological 
Risk (ER) and multi–substance Potentially Affected Fraction of species (msPAF) for birds 
and mammals for 19 chemicals in 10 Northwestern European estuaries and coastal areas. 
The assessment showed that all ER and msPAF values were below 2.5%. 
As biotic responses are typically measured in individual organisms, population models are 
useful to allow extrapolation from effects on individuals to effects on populations. 
Although both toxic and non–toxic stressors are often at play in natural populations, most 
population models consider only one or the other. Therefore, a model framework for 
integrating the combined impacts of multiple toxic and non–toxic stressors was developed 
(Chapter 5 and Chapter 6). The model was first applied to assess the impact of ∑PCB, 
DDE, and disturbance stress on the white–tailed eagle (Haliaeetus albicilla) population in 
The Netherlands (Chapter 5). The model results showed that the ∑PCB concentrations from 
1950 up to 1987 were too high to allow the return of white–tailed eagle as a breeding 
species. The population trends simulated for 2006 – 2050 suggested that future population 
growth is still somewhat reduced by ∑PCB. Nevertheless, an increase in the population 
towards the carrying capacity of 30 breeding individuals was calculated for all future 
scenarios, except for a worst case situation in which contaminant impacts were combined 
with a 50% reduction in reproduction due to disturbance. Next, the model framework was 
applied assess the combined impact of temperature, salinity, food availability (chlorophyll 
a), and sediment concentrations of cadmium, copper, and zinc on copepod (Eurytemora 
affinis) populations in the Scheldt estuary and the Darß–Zingst estuary (Chapter 6). The 
model results were compared with independent field observations. The model results 
suggested that exposure to zinc and copper resulted in reduced growth rate and population 
densities of copepods. However, the effect of temperature was stronger, resulting in 
negative population growth rates in winter and in strong population density fluctuations. 
Based on the results obtained, it was concluded that the impacts of toxic stressors on the 
study populations of copepods and white–tailed eagles are currently smaller than the effects 
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 of non–toxic stressors (Chapter 7). Moreover, the chemical risk assessment for birds and 
mammals exposed to contaminated food in 10 estuaries indicated limited impacts of toxic 
stressors. However, it should be emphasized that the potential impacts of stressors that were 
not measured in the field or that were not tested in laboratory experiments were not 
included. Future ecological risk assessment may benefit from the further development of 
accumulation models, obtaining stressor–response relationships based on field observations 
or overarching principles, and incorporating synergistic or antagonistic responses to 




   
198
 Samenvatting 
Een estuarium is een half ingesloten watermassa met een open verbinding tussen het zoute 
water van de zee en het zoete water van de rivieren. Estuaria worden gekarakteriseerd door 
vele natuurlijke gradiënten, bijvoorbeeld in saliniteit, temperatuur, nutriënten, pH en 
zuurstof. Daarnaast worden estuaria gekenmerkt door vele antropogene invloeden, 
waaronder vervuiling, recreatie en visserij. Dit betekent dat organismen in estuaria 
potentieel worden blootgesteld aan vele toxische en niet–toxische stressfactoren van 
natuurlijke en antropogene oorsprong. Het kwantificeren van de effecten van deze 
stressfactoren is belangrijk om efficiënte beheers– en beschermingsmaatregelen te kunnen 
nemen. Dit proefschrift beschrijft de resultaten van onderzoek naar de effecten van 
meervoudige toxische en niet–toxische stressfactoren op biota in estuaria, waarbij de 
nadruk is gelegd op de effecten op populatieniveau (Hoofdstuk 1). Het grootste deel van dit 
proefschrift richt zich op copepoden (kleine kreeftachtigen), vogels en zoogdieren. 
Copepoden hebben een sleutelpositie in estuariene voedselketens, omdat deze organismen 
een belangrijke trofische schakel zijn tussen primaire producenten en vissen. Vogels en 
zoogdieren worden vaak gebruikt als indicatorsoorten voor de gezondheid van een 
ecosysteem. 
Stressfactoren die van invloed zijn op de populatieomvang van copepoden zijn niet voor 
alle soorten copepoden onderzocht. Om inzicht te krijgen in welke potentiële stressfactoren 
invloed hebben op populaties van verschillende soorten copepoden is een inventarisatie 
gemaakt van de fysisch–chemische sedimenteigenschappen en aantallen copepoden in 
Portobello Bay in Nieuw–Zeeland (Hoofdstuk 2). In het gebied zijn zes copepodsoorten 
aangetroffen. Met behulp van lineaire ‘mixed effects’ modellen kon worden aangetoond dat 
de aantallen copepoden waren gerelateerd aan de korrelgrootte, het gehalte aan organisch 
materiaal, de amplitude van het getij, de saliniteit, de pH en de onderlinge interactie tussen 
de soorten. 
Accumulatie is de geleidelijke ophoping van een specifieke stof vanuit de leefomgeving in 
het lichaam van een organisme, zodanig dat de concentratie in het organisme hoger wordt 
dan in de leefomgeving, inclusief voedsel. Voor de stoffen nonylfenol (NP) en nonylfenol–
ethoxylaten (NPEOs) zijn accumulatiegegevens in estuariene–marine voedselketens beperkt 
beschikbaar. Met behulp van het bioaccumulatiemodel ‘OMEGA’ zijn 
accumulatiegegevens van deze stoffen geschat en vergeleken met onafhankelijke 
veldmetingen (Hoofdstuk 3). De geschatte biota–sediment accumulatiefactoren (BSAF) 
voor de accumulatie van NP en NPEOs van sediment naar biota waren kleiner dan 1 voor 
alle trofische niveaus. De geschatte biomagnificatiefactoren (BMF) waren ongeveer 1 voor 
alle trofische niveaus, behalve voor het hoogste trofisch niveau (vogels en zoogdieren). 
Voor het hoogste trofisch niveau varieerde de geschatte BMF–waardes tussen 0.1 en 2.4, 
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 afhankelijk van de in het model aangenomen biotransformatiecapaciteit van de organismen. 
Wanneer biotransformatie van NPEO in NP werd meegenomen in het model, dan kwamen 
de schattingen beter overeen met de veldmetingen, dan wanneer dit niet werd gedaan. Dit 
geeft aan dat NP–vorming door biotransformatie van NPEOs mogelijk kan optreden in 
organismen. 
Soortengevoeligheidsverdelingen (SSDs) worden vaak gebruikt om het effect van 
blootstelling aan stressfactoren te kwantificeren. Hierbij wordt voor toxische stressfactoren 
de voorkeur gegeven aan SSDs die zijn gebaseerd op hoogste concentratie waarbij geen 
effecten worden waargenomen (de zogeheten NOEC). Echter, voor vogels en zoogdieren 
waren op NOEC–waarden gebaseerde SSDs tot op heden beschikbaar voor slechts zes 
stoffen. Daarom zijn NOEC–gebaseerde SSDs afgeleid voor 41 afzonderlijke stoffen 
alsmede voor groepen van stoffen met vergelijkbare toxische werkingsmechanismen (MoA) 
(Hoofdstuk 4). Daarnaast zijn mogelijke verschillen onderzocht in SSD–parameters (de 
gemiddelde gevoeligheid en de variatie in gevoeligheid) tussen stoffen met verschillende 
MoAs en tussen verschillende eindpunten (groei, reproductie en overleving). Het enige 
significante verschil in SSD–parameters was dat vogels en zoogdieren gevoeliger waren 
voor stoffen met een neurotoxische of een andere specifieke MoA dan voor stoffen met een 
narcotische MoA. Vervolgens zijn de NOEC–gebaseerde SSDs gebruikt om het 
Ecologische Risico (ER) en de meer–stoffen Potentieel Aangetaste Fractie (msPAF) voor 
vogels en zoogdieren te berekenen op basis van 19 chemische stoffen in 10 Noordwest–
Europese estuaria en kustgebieden. Hieruit bleek dat de risico’s op toxische effecten gering 
waren. 
De effecten van blootstelling aan stressfactoren worden veelal bepaald op het niveau van 
individuen. Om deze effecten te extrapoleren naar populatieniveau kunnen 
populatiemodellen worden gebruikt. Hoewel populaties in het veld vaak gelijktijdig zijn 
blootgesteld aan zowel toxische als niet–toxische stressfactoren, nemen de meeste 
populatiemodellen slechts één van deze twee typen stressfactoren in beschouwing. Daarom 
is een model ontwikkeld waarin het effect van blootstelling aan meervoudige toxische en 
niet–toxische stressfactoren kan worden berekend op populatieniveau (Hoofdstuk 5 en 6). 
Het model is toegepast om de effecten van ΣPCB, DDE en verstoring op zeearenden 
(Haliaeetus albicilla) in Nederland te beoordelen (Hoofdstuk 5). De modelresultaten 
toonden aan dat de ΣPCB–concentraties van 1950 tot 1987 te hoog waren voor de terugkeer 
van de zeearend in Nederland. De gesimuleerde populatietrends voor 2006 – 2050 gaven 
aan dat de toekomstige populatiegroei werd verminderd door blootstelling aan de huidige 
ΣPCB–concentraties. Simulaties van de effecten van verstoring gaven ook een verminderde 
populatiegroei aan. Desondanks werd in alle modelscenario's de maximale draagkracht van 
30 broedende individuen bereikt, behalve in het scenario met zowel blootstelling aan ∑PCB 
als een vermindering van de reproductie met 50% door verstoring. Vervolgens is het model 
toegepast om de effecten van temperatuur, saliniteit, beschikbaarheid van voedsel 
(chlorofyl a) en sedimentconcentraties van cadmium, koper en zink op copepoden 
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 (Eurytemora affinis) te bepalen in het Schelde–estuarium en het Darß–Zingst–estuarium 
(Hoofdstuk 6). De modelresultaten toonden aan dat temperatuur grotendeels 
verantwoordelijk was voor de geobserveerde seizoenvariatie in de populatieomvang van E. 
affinis. Daarnaast gaf het model aan dat de blootstelling aan zink en koper zorgde voor de 
verlaagde populatiegroei van E. affinis in het Schelde–estuarium. 
Op basis van de verkregen resultaten kan worden geconcludeerd dat de effecten van 
toxische stressfactoren op de onderzochte populaties copepoden en zeearenden kleiner zijn 
dan de effecten van niet–toxische stressfactoren (Hoofdstuk 7). Daarnaast liet een 
risicobeoordeling voor vogels en zoogdieren in 10 Noordwest–Europese estuaria en 
kustgebieden geringe risico’s zien op toxische effecten van 19 stoffen als gevolg van 
blootstelling via voedsel (vis). Effecten van stressfactoren die niet in het veld zijn gemeten 
of waarvoor geen effectrelaties beschikbaar zijn, konden echter niet worden meegenomen. 
Bovendien is in het model aangenomen dat het effect van elke individuele stressfactor 
onafhankelijk is van andere stressfactoren. Dit is een vereenvoudiging, want in 
werkelijkheid kan het effect van een bepaalde stressfactor worden versterkt (synergisme) of 
verzwakt (antagonisme) door de invloed van andere stressfactoren. Ecologische 
risicobeoordeling kan worden verbeterd door verdere ontwikkeling van 
accumulatiemodellen, het vergaren van effectrelaties op basis veldwaarnemingen of 
overkoepelende beginselen en het rekening houden met mogelijke antagonistische en 
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